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OPKRATOR WORKLOAD: COMPREHRNSIVE REVIEW AND RVALUATION OF OPERATCOR WORKLOAD
METHODOLCGIES

EXECUTIVE SUMMARY

Requirement:

The overall purpose of this report is to provide useful and practical
information concerning operator vorkluad (OVL). It is specifically simed at
information applicable in conceptualizing, specifying, designing, developing
or evaluating systems for the Army.

Procedure:

Relevant research and published materials vere identified and obtained
through libraries and personal contact. The literature obtained was reviewed
for specific OVL techniques. A vorkload technique taxonomy served ac the or-
ganizational scheme within which the workload literature was reviewed. Organ-
izations engaged in significant workload research vere visited to discuss
current and ongoing GVL research.

Findings:

Operator Vorkload is explained and defined using several informal exam-
ples, definitions of workload used by researchers as reported in the litera-
ture, the foundation of a general definition, a framework (taxonomy) to
organize the various workload estimation techniques, and some general issues
concerning the techniques. After considering a variety of performance issues
and definitions in the literature, the idea of a performance envelope is de-
veloped. Workload determines the current position in the envelope. The pri-
mary interest is the operator’s position relative to the boundaries of the
envelope and the operator’s relative capacity to respond.

Techniques that have been used for assessing OJL and determining the op-
erator’s current and future position in the performance envelope are revieved
and analyzed. These techniques are classified into two broad categories:

® Analytical--predictive techniques that may be applied early in system
design without an operator-in-the-loop, and

e Empirical--operator workload assessments that are taken vith an
operator-in-the-loop during simuiator, prototype, or system
evaluations.

The analytical techniques can be used early in system design vhen there

1s greatest design flexibility and throughout the materiel acquisition proc-
ess. The analytical category includes comparison techniques, mathematical
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modals, expert opinfion, task analyses, and simulation. Considerable proeress
has been made in developing workable analytical tools but much remains to be
done.

Espirical technigques are used when operators and a simulator, a proto-
type, or a system are available for testing. The empirical category includes
primary task measures, subjective methods, secondary task techniques, and
rhysiclogical techniques. Each of these subcategories is discussed in sepa-
vate chapiers. Desscriptions of the methods and techniquus are provided, along
with discussion concerning available information about their validity, relia-
biiicy, sensitivity, diagnosticlty, intrusiveness, and practicality. Recom-
mendations for application are included with the discussion of individual
techniques.

Utilization of Findings:

The information from the reviews is integrated into a fourdation for a
practical guide for the user. Example case studies are provided, along with
suggestions for the most appropriate techniques, both rnalytical and empiri-
cal, to use for various system-resource chrracteristics. A working guide is
also provided for a general approach to the selection and application of
workload techniques. This application guide encompasses all major issues.
Twenty-three general questions sre developed to assist in identifying the
proper techniques. The aanswers provided by the user aid in the szlection and
application of techniques. These include general questions about stage of
system development, category of system, and resources available--both person-
nel and equipment, and a number of specific questions about workload.

viii
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Oparator Workiond: Comgwelisnsive Rawview and Evalustion of Operator
Workdosd Msthodologive

CHAPTER 1. INTRODUCTION

*The human factois in most practionl situstiona have asen neglected largely becauss of
coneciousness of ignorance and our inablity % control thom [human facsors). Whereas e.gineers
deal constantly with physical probiems of quality, capaclty, stress, and strain, they have tended to
think of problems of human conduct and exporience as unsoived or insoluble. At the sama tine
there has sxisted a growing consciousness of the practical significance of these human factors
and of the importance ol such systematic research as shall extend our knowledge of tham wnd
incrense our dirsctive power.

*The great war from which wa are now emerging Into a civilization in many respects new has
akeady worked marvelous changes in our points of view, our sxpectations and practical demands.
Never bafore in the history of civillzation was bral 1, as contrasted with brawn, so impontant; never
before, the proper plecement and utilkzation of brain powsr 20 assential to 3uccess.

*Reprinted in part from a Harvey lectuie deiivered by Major Robert M. Yerkes in
New York, January 25, 1919, anc published with the approval of the Surgeon General of
the Anny, from the Section of Psychology of the Medical Department.” In tumn, reprinted
from: Voakum, C. S. & Yerkes, R. M. (Eds.) (1920). Army Menial Tests. New York: Henry
Hok anii Company.

There are several noteworthy points qibout this quota from 1819, Firet, many problems about "human
conduct” can ncw be solved. Techniques have pean developed in the lust seven decades which are
applicable to these problems. and furthermore, engineers are using the results of these techniques as
dasign principles. This report is a testanent 10 these tachniques. However, just as evolving technology
produces better :nc more sophisticater hardware, technology will evoive 10 produce even betier and
more sophisticaled assessment techniques. Second, the trend for “brain, as contrasted with brawn,” has
accelerated. Indeed, the buk of the workicad literature deals with brain and not brawn.

The Changing Role of Army Operators

Tachnology is becoming increasingly advanced and coinplex. As new systems are develoned, new
technologias are smpkyed, and the rols of the operator is changed. The newest generation of advanced




miltary systems uses acvanced computer technology for multifunction displays, decision aids, inteligent
systems, or computationally-assisted control. Technelogical advances have res.lited in changes to
operational procedu+es and the functions of the system operators. Operators perform maore plarining,
supervisory, moniloring and overseoing functions than in the past. In many instances computers are
doing the computational work arxi the operators are continually checking for system failures or emergency
conditions. It seems fair to characterize the changes in operator functions as more mental or cognitive in
nature. Furthermore, operators are often required to perform these functions in stressful and physically
demanding environments.

A plausible scenario could have an operator sitting in front of one or more computer displays. The
displays contain information which must be processed and acted upon. Several potential targets are
displayed and the operator must decide which, it any, should be fired upon and with what priority. !n this
scenario, tha operator is one member of a crew who is expected to perform both night and day, even
when fatigued. Some functions can be shared among the crew members, others can not. The amount
and rate of displayed information is high; communicationa chuannals are ooen and busy; decisions must be
made within gseconds. In this situation, the singhé operator or crew may not be able to petforrn the required
tasks within the critical time window. This situation may lead {0 operator overload resulting in performance
degradation AND mission failure. This generic scenario is applicable to many emerging combat systems
and this report is concemead with one specific part of this problem: Operator Workioad (OWL).

Current Status of OWL In the Army

MANPRINT is an Army initiative which considers the role of the soidier in system performance. Through
this initiative, the Army addresses the question, Can this solkdier, with this training, perform these tacks to
theso standards under these conditions? The Army MANPRINT guidance is contained in Army
Regulation (AR) 602-2, Manpower and Personnel Integration (MANPRINT) in the Materiel Acquisition
Process (U.S. Army, 1387). !t is clear that AR 602-2 requires MANPRINT issues be addressad, and
hence that human performance data be obtainad and analyzed at all stages of the Materie! Acquisition
Process (MAP). It is also increasingly apparent that the MAP often does not allow consideration for the
possible effects of exceeding OWL capacity. Due to changes in technology, cognitive overioad is more
likely than in the past and this cognitive overload can easily induce operator errors and cause critical
information to be processed incorrectly or missed entirely, leading to a degradation of system
performance.

Whiie it can be argued that OWL concerns are not synonyrmous with MANPRINT, OWL is reiated to the
six MANPRINT domains. These domains are:




*  Manpower

* Personnal

*  Traning

«  Human Factors Engineering
» Safety

« Health Hazards

Consideration of the interrelations between OWL and the MANPRINT domiains wili assist in identitying
MANPRINT trade-offs that may be made in an effort to maximize system perforrance. For 2xample,
economic pressures to reduce crow sizes (manpowar) has immadiate impact on operator workioad. As
new devices are added to raplace humans, the workload of the reduced crew cartalny ch:'nges ar d the
perceptual and mental workinad of individual operatorss may actually increase. This, in tum, has impuct on
the interrelation between OWL. and perronnel issues which invoives trade-offs between soldier qualily (as
measured by the Armed Services Vocational Aptitucie Battery [ASVAB]) and the dagree to which ¢ oldier
perceptual, mental, and psychomotor loading occur. Further, worklbad may vary due to training, toldier
quality, soldier-machino interface and the degree of soldier information lhading. Knowledge of the DWL-
related requirements may assist in batter, more efficient personnel and training actions. The MANF'RINT
domaing are overapping, and because of this a change in one domain will have an influence on nthers
inciuding OWL., Clearly, MANPRINT and workload concarns are interrelated.

A requirement has been established that OWL issuas need to be addrassed at all stages o' the MAP.
The regulation AR 602-1, Human Factors Engineering Program (U.S. Army, 1983), specifies that the
Human Facto:s Engineering (HFE) program shall be parformed in accordance with MIL-H-46855B, /dilitary
Specification: Human Engineering Requirements for Military Systemns, Equipment ard Facilities (U.S.
Army, 1979). This latter military specification (Section 3.2.1.3.3) requires that individual and crew workioad
analyses shall be performed and compared with paerformance criteria. However, no guidance is provided
to the systern developer as to how such a workload analysis should be performed (Hill & Bulger. 1988).
This lack of guidance has led to the effort which comprises the body of this report.

Purpose of the Report

A goal of this report is to present a review of currently available methodologies and fechniques that
have been developed and used in the assessment of OWL. In this effort, more than 1530 report; were




reviewed and close 1o 500 research reports are cited. This review was intended as a critique of the
methods and techniques that have previcusly been used to examine workioad. |t contains descriptions o!
the methodologies and techniques as well 88 discussions conceming the available intormation regarding
validity, reliability, sensitivity, intrusiveness, and practicality. In addition to methods and techniques that
have previousiy been used 10 assess workload, other methods are also identified that may be applicable
to OWL.,

A second equally important goal of this report is to analyze and integrate these methodologies into a
practical guids tor the user, Thus, the raviewed techniques are analyzed with respect 10 reported
effectiveness and resources nesded for implementation. References guide the reader to sources for
additional information. In addition, sample appkcations are considered in Chapter 8. The overall purpose
of this report is to provide usetul and practical information concerning OWL to those Invoived in
conceptualizing, specilying, designing, developing, and evaluating systems for the Amy.

Msthodology Used in this Report

The approach of this comprehensive raeview of OWL resesrch and mathodologies had two major
thrusts. The first was to provide a technical review and analysis of available kterature related to OWL. The
second thrust was to be aware of the practical utility and importance of OWL issues to the Army. In recent
years, OWL has received considerable research attention reflecting its importance, and etforts continue to
understand theoreiical as well as application issues. The practical ways in which workload issues couid
impact systern performance, conceptualization, design, development, and evaluation were considered at
ail timas.

Review Appirosch

Relevant research and published materials were identified and obtained through libraries and personal
comtact. The lterature obtained was reviewad for specific OWL techniques. The workload technique
taxonomy, cescribed in Chapter 2, served as the organizational scheme within which the workload
Wterature was reviewed. Organizations engaged in significant workload research were visited to discuss
current and on-going OWL research. These included Douglas Aircraft Company; NASA-Ames Research
Center; Wright-Patterson Air Force Base; USAHEL; and NASA-Langley Resgarch Center.

The usefulness of the various techniques for addressing Army needs was the focus of the project.
Particular emphasis was placed on the sensitivity of the OWL techniques for measuring differences in
various tasks. In addition, other important practical criteria that received particular consideration are the
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intrugiveness of the techniques and the relative costs and the levei of expertise neadad for their use.
Dsscrptions ¢f the tachniques and discussicn cenceming their imiplementation iy Army applicaiens are
given throughout the volume.

Organtzation of the Report

This report presents a review and synthesis of literature related to operator workload. Each chapter
begins with a brief discussion of the purpose of the techniques. In the body of the chapter, definitions,
detaiis, and examples of the techniques are given as well as ressarch concerning the specific techniques .
included in these discussions are comments about issues conceming sallent characteristics which will be
defined later; these include the issues of sensitivity, diagnosticity, intrusion, validity, raliability,
implamentation, operator acceptance, and relative cost of use of key techniques. These criteria were
chosen as important to practitioners and as appropriate to characterize the metheds.

in Chapter 2, basic issues concerning OWL are discussed, including the definition of operator
workload, a taxonomy of workload assessment methods and techniques, as well as .ther important
genaral OWL issues. Subsequently, the descriptions and discussions related to specilic workload
techniques and methodologies are presented in Chapter 3 for Analytical Techniques and Chapters 4
through 7 for Empirical Techniques. The organization of these five chapters follows the organization of
the taxonomy to be presented in Chapter 2. Chapter 8 dascribes an approach for the selection of
appropriate techniquas for assessing workload. Finally, a concluding and summary Chapter is provided
including a different perspective on OWL and indications of some future directions.




CHAPTER 2. THE COMNCEPT OF WORKLOAD

Whet 1 Workiond?

" This chapter provides a discussion ot the concept of workload an&some cefinitions. It provides the
~ forma’ background for the reviews and evaluations of the specific workload assessment techniques
discussed in subsequent chapters. Hcwever, in order for the reader to bave an irtultive understanding of

operator workioad, several examples are presented first. \ \\

‘ \
An Exnmplo: Driving - \ '
As an iltustration of what is meam’by the term workload, Ima;gir{e you are driving in y&ur favorite car. As
you go through this mse. we will increase the difficulty with each successive st‘atement ina
number of different ways. Additionally, we will use some words like St\ress and effort in a colloquiz2! marner;
these will be defined more precisely later. When we are through with the exercise you may not know
exactly what workload is, but you will have a feel for the range of operator workload possible for a task as
common as driving a car. And mora importantly, you will have a feel for the importance of workload and the
various factors that affect workload. One point we wish to make in this exampile is that workload is not the |
same as performance.

- Since you are an important personags, the State Police have closed the Interstate to
all other drivers. You are cruising down the highway at the speed limit on a nice, -

sunny day’_Egsy,nyinq. right?

. You have just passed the state line. This second state d?esn‘t think you are quite as
important and now you have some traffic. Still not bad. \

* You have beu: driving for a while, it is appmachlng the rush hour near a metropoman
area and traffic is picking up.

e Rt is Friday afternoon and every ona wants to gat home or out of town before the storm
hits. Traffic is now much heaviar than normal and slowing cdown. {We must be in
Connecticut.)

» You k.t early this moming and didn realize you hzdn't stopped for lunch. You're
tired and hungry.

- Traffic is now reduced {0 a crawl. You 2alzo forgot to ot gas when you forgot lunch.
You'va got to get to an axit and find a g2s station,

«  While you are crawling 2'onq, tha woather has tumed. It is now raining.

Preceding Page Blank



» it has algo gotten dark and visitility is rot gooci. The highway is not well marked and
ycu imust ba caretul not to miss your tumoft.

«  Worse, the car in front does not have brake kghts 80 you have 1o pay very close
attantion to this stog-and-go stuff. Eyes on car in front,

«  Atew miles are coverad, but with the dark, the outside (emperature has aiso dropped.
Itis no longer just raining, it is freezing. Several cars are off the road. Still bumper to
bumper and gas is getting very low.

« Your two year old, who was gleeping in the backseat, wakes up. He is hungry, scared,
and crying.

« It's not a lot of fun with all that is going on. In addition, the angine sounds like it is
missing and you know you ara not yet quite out of gas. (You've tumed the radio down
and would ke to tum the kid down.)

You are about to ‘losa it' ag anyone who has baen in a similar situation can attest. Improbable, yes, but not
impossible. (And note, we didn't cheat by giving you an unfamiliar vahicle with shift instead of automatic,
or even an English car with the wheel on the ‘wrong side.' We assumed that your prior training and
exparience was in effect.) Further, we didn't even have hostiles shooting at you. Nor did we have you
crash - - Performance remained accaptable.

A Second Example: Mental Load

Before we start discussing worklead in a tormal way, we want to consider one more example, this time
strictly mental load. First, we are going to ask you to dn a couple of tasks that are highly overleamed and
very aasy. Then we will do the tasks again, but in a combined manner. Not only doas the demonsiration
illustrate an example of cogiitive workioad, it illustrates an imporiant point about measui g workload: Two
easy tazks added together can sometimes result in a very difficult task. Not an easy situation to predict. As
you do the task, take your time. You might even want to time yourself on each of the pars.

* Raecite the alphabet,
«  Countfrom 1 1o 26,

« Now do both, interleaving the alphabet with the counting, A-1, B-2, etc. saying the
answers.

if you actually got all the way through the combined task, you are unusual. Most people give up about G-7
or H-8. Why is it so difficuk? Let us use this example to diagnose the basis of the difficulty and illustrate
workload analysis. (Get out a pencil and a plece of paper. Do the double task age'n, this time writing down
the answers. Any difficulty in getting all the way through this time? Part of the differenca between the two
is that the pencil and paper reduces the heavy burden on memory. There are some additional reasons,




but the point is that tho same task can be difficult or reiatively easy depending cn huw we do . And we
can identify the reasons for the difierences. In this example, there is usually a performance failurs on the
first attempt which burdens memory and success on the second attempt which uses pencil and paper - -
Performance Is accepiabie only in the second cass.

These two oxampies shouid giva you an idea about the variation of difficulty of tasks and the ditference
between measuring performance and the amount of effort you have to experd to perform the task.

In this chapter, we consider a number of general issues involving workload. Later chapters will cover
more specific, detailed issues. First wa present a description of the relation of performanca and workload.
This leads to a discussion of some human performance concepts in the context of system operation. To a
large degree, this discussion is the foundation cf all that is to come later. Then, the chapter provides a
reviow and discussion of definitions of OWL. Also included is an organization of workload assessment
techniques in the form of a taxonomy that provides a structure within which to classify the measures.

Performance vs. Workioad

Performarnice is what we are ultimately concemed with, Can the operator successtully complete the
mission? One goal of workload research is to predict impending doom - failure cf perfortnance. Not only
do we not want the mission to fail, we aiso do not want the man or machine to be damaged. Having
anticipated and predicted a trouble spot, the second goal is to correct those situations in which
performance fails. As an aid in this effort toward better and safer performance, researchers have
developed the concept of workload.

The relation between werkload and performance is illustrated in Figure 2-1. Inthe figure, it can be seen
that workload and performance seem to have an inverted U relation. At extremely low levels of workload as
in Region 1, the operator may become bored (Hart, 1986a). Boredom can lead to missed signals and
instructions, resulting in poor performance (Parasuraman, 1986). (Although this report wiil not address
cases subsumed in Region 1, it is well to note that performance can be adversely affected if OWL is too
low as well as too high.) With a reasonable level of workload, performance can be expected to be
acceptable as shown in Region 2. Howevaer, further increases oi workload into Region 3 show a marked
degradation in performance. Figure 2-1 also Hlustrates that workload is not the same as performance.
Performance may remain at an acceptable level over a considerabie range of workload variation as in the
driving example. In general, however, workload extromes are related 10 poor performance.




internal and Extemal Performance Limnisions

Thera is genaral agreement about many of the determinants of good or poor operator performance.
Norman and Bobrow (1975), for example, differantiate between two categories of limitations on
peiformance: data-limited and rescurce-limited. Data limitations occur when task processing is
constrained by unavailable data, e.g., trying to read a map in the dark. This is a limitation external to the
oparator; stimuli may be belew threshold or may contain ingufficient information to solve the problem. By
contrast, resource limitations occur when the human information processing system cannot handle the
data rapidly enough. In this case, performance decrements are due to internal limitations. In either case,
pertormance decrements can be observad in savaral forms, gradual, intermittent, or catastrophic. One of
the gouals of OWL research is to uncover, idantify, and eliminate those instances In which the domands of
hurnan tasks would degrade human and system parforriance.

Feglon 1 Regiion 2 Region 3

.b
- o

Woridoad SN

Figure 2-1. The hypothetical relationship between workload and performance. (This figure is a
compilation of the concept discussed in several places [e.g., Hart, 1986a; O'Donnell & Eggemeier, 1986;
Tole, Stephens, Harris, & Ephrath, 1982}).
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Presumably, the data-Fmited decroaments sixouki be eliininated in the design phase of a system. Dials
and gauges shoulkd be easy to read; communicalons shouid by easy to understana, and all key data
accessible. However, to tha extent that neceusary itormation is simply not available during a mission, the
operator must seek the information from other sources or spend additional time estimating parameters
heeaud lur derision making. This llustrates the important point that the operator, the sysiem hardware,
and the environment all interact in attecting performance and this interaction can change the nature of the
task. The form of the interaction can 2!80 have important consequences for misaion performance.

A Modi of the OWL. Contaxi: Factors Affecting Performance and OWL

The previous discussion illustrated one way of looking at performance lirnitations and interaction of the
human with the. environment. Eacase human behavier is dynamic, such interactions abound - - much to
the frustration ¢f the workioad resea;che:. 7o help tne reader understand the intricacies of behavior,
performance, and workload, a brief discugsion of tha varety of influencas on the operator is presented.

Performance is affected by two major kinds of {aciors: (a) the operator tasks defined by the mission, by
the environment, and by the design of the workstation and (bj the transitory states and stable traits of the
human operator. Figure 2-2 illustrates these factors, ail of which combine to Influence how the individual
will respond 12 the ongding demands. The interaction of these factors will determine both operator
workioad and operator performaricc and, hence, system and mission performance. Each of these
components is considered in more detail below. The upper portion of the figure contains some external
influences. The system design, mission and othar external factors combine to create situational demands
1or the operator. in the middle of the figure is represented the operator including a breakdown of some of
the internal factors of the operator which have a baaring on OWL. At the bottorn of the figure, the ovals
reprasent approaches to obtaining responses from the operator which are used tn make Inferences about
the operator. It is important to note that the bottom oval, system perforrnance, is directly refated to
MANPRINT concerns. More will ba said about these measurements in Chapter 4.

Situation Demands and Externa! influences

Mission Requirements and Task Aliccation. The allocation of system functions to the human is an
initial step in system design and this allocation will, in turn, lead to situation demands on the operator.
During system dasign, the design @am decides which functions are allocated to humans and which are
aliccatad to the system. Once allocated, those functions plus the design of the controls and displays will
define the operator tasks. The tasks allocated to a given operator represent that operator's job. The
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o HUMAMN OPERATOR: -vi~

STABLE TRANSITORY
TRAITS STATES

B coasmoTivaTioN REST/NOURISHMENT

TRAINING/PRACTICE
FATIGUE/BOREDOM

B KNOWLEDGE/SKILLS

B COGNITIVE PROCESSING
CHARACTERISTICS

PHYSICAL FITNESS

AFFECTIVE STATE .

OPERATOR
PERFORMANCE

SYSTEM
PEAFORMANCE

§ wmisson [
} perrormance [

Figure 2-2. A conceptual framework of the OWL context and infkiences on operator/system performance.

human factors technique of task analysis is concemed with understanding how these tasks will impact the
probable overall performance of the operator, and the extent to which some of these tasks might not be
performed at acceptable levels.

Two tasks may differ in a variety of ways which can affect their accomplishment. The two tasks may
require different types of actions. In tumn, those actions may require more eifort or time by the 2perator
than does another task. Regardiess of the type of task, the operator must perform some sequence of acis
on some objects or entities in order for the task to be accomplished. In some tasks, a majority of the
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required actions involve manipuiations of physical objscts. Other tasks may be dominated by actior.s
raquiring the cperatoi to sense or perceive the attributes and characieristics of objects. Still other tasks
exist in which a majority of the actions involve manipulatior:s of intemalized definitions, facts, or concepts.

Simhatly, two jobs may difiar in the kinds of tasks required by an operator, and in the sequerice in which
the tasks must be performed. Some jobs may hiave many tasks that do not overlap in time. Other jobs may
have multiple ongoing tasks during tho same time periods and require the operator to time-share amor.g
those tasks.

Finally, the system’s machine capabilitiss (e.g., sensor, data processor, and propulsion subsystems),
the relative capabilities of hostile forces, and tre availability and capabilities of cooperating, friendly forces
will change from misgion te mission, and will impact the speeds and accuracies with which various opeiator
tasks must be accomplished.

In summary, tasks can influence the workioad that will be imposed on the operator by:
* Actions required by each task,
»  Sequence of actions performed for a task,
*  Number and types of tasks to be performed,
» Time available for each task to be completed,
»  Overall time constraints, and
* Required accuracy levels.

Taken togethor, these influences constitute a comprehensive s~{ of factors that contribute to the
situation dermands illustrated in Figuro 2-2.

The Environments! Context. The tasks performed by the operator are not done in isolation,
however. A given task may occur in widely differing circumstances that can affect the level of dituculty of
that task for the operator. The way in which the oparator intaracts with the immediate surroundings will
also have important implications for periormance and workload. It is widely recognized by engineers that
machine components cannot tolerate some kinds of physical disturbances. They must be protected
(hardened) to function in the presence of hostile environments. Deiailed attention is given to specifying
how machine components will he packaged, supported, and interfaced with other machine components.
Similar attentlon must be given to the support and intertacing of hurnans, both with one another and with
machine componenis. Among the external factors which aker situational demands and which affect leveis
of task difficulty aro:
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* The external environmant in which the task must be performed (e.gQ., heat, humidity,
sound, illumingtion, vibration, and g-forces)

»  The design of the human-maching Iformation exchange units (e.g , types ari sizes
of displays and controls, and their ‘ayouis and formats)

« The design for human packaging (e.)., protective ciothing, seating, and restraints)

* The design of the overall workstation (o.g., its size, internal lighting, ventilation,
tomperature and humidity control, arx! vibration dampening)

To a large axtent, external environmental factors cannot be controlied by the system design team; thase
are determined by the missions. However, the immudiate external ervironment and the extent to which it
impinges on the operator can be partially controlied by’ other design factors. Because many operater tasks
invoive the exchange of information between the machine and human, the design of the operator
console will attect human performancs on the tasks. Eoth the speed and accuracy with which the operator
can perform a given task and the e:tent to which the cperator can maintain acceptable pertormance for
long periods of time will be partially dependent on the ambient environment. Thus, operator support and
workstation design factors wili influence the workload ¢f the operator.

The Operator

Every operator enters into a situation carrying a number of influences which can impact performance.
Thesa are divided into transitory which can be imwodified relatively easily and stable which are much rmore
difficuht to modify.

Transitory States. Transitory states can be considerad to be initial states such as the amount of
rest ievel of physical fitness. ets. which may or may not be appropriate for the mission. These are
depictad in the center right potion of Figure 2-2. Training is, of course, an important factor. indeed,
training is sometiries considered to be the single most important factor in mission successfailure and
cften a panacea: If the mission tails, provide more training. Certainly, training and specific skill acquisition
are important and extend the operator's capability to handle workload (Bainbridge, 1978). In the context
of Figure 2-1, this would be represented by increasing the effective area of Region 2. Harris, Tole,
Stephens, and Ephrach (1982) have expressed similar ideas. However, there dre numerous aspects of
high workload which cannot be handled by additional training, for example, the requirement to perceive
faster. Many of these high workload factors are related to the cognitiva processes of the aperator.

Stable Traits. In addition to transitory states, the human operator is characterized in the le't center
portion of Figure 2-2 by severai interrelated facets which change slowly over time: goals/ motivational
state, knowledge/skills, and processing capabilities. Processing capabilities refer to the operator's higher-
level behavioral components (e.g., thinking) which interacts with and integraies knowiedge and skills to
accomplish task element goals.
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Individugis may differ in the relative impartance of various goals, the extent to which those goals are
currently satisfied, and the extent to which parforming a given task is perceived as being important to goal
achievement. They may also differ in their parceptions of the spesd and ticcuracy with which a task neecs
to be done. These factors, in turn, determine the level of motivation for task accomplishment and,
congequently, ths effort an individual is willing and able to put forth in wccomplishing the task. The
motivational aspect of the workload often is ignored by researchers. Gopher and Donvhin (1988) handie
the motivation issue by ruling it out; they assume that every oparator is highly motivated and wants to
maximize his or her performance.

The cognitive procassing capabilities of an individusl are distinguished here from the knowledge and
skilis an individual has acquired through training and oxperience. Knowledge (e.g.. tacts, rules,
equipment usage procedures) can be considered as a resource of the individual to be utilized by
cognitive processes. To use that knowiledge, however, the individual must invoke other dynamic
processes to retrisve and manipulate the knowledge required to execuie a task. Other cognitive
processing capabilities are needed to glean information from displays and 10 manipulate cortrols.

incivickaal Differerices among Opersions

Humans are known to differ in terms of incividual traits or capacities that can impact task performance.
Two individuats may differ from each other in a variety of ways which may make accomplishment of the
sane ask sasier, faster, or better for one individual than for the other. Physical size and strength are two
obvious dimensions along which differencés may be observed.

More important in modemn technological systems sire the mental and cognitive differences among
individuals. A lst of the importart cognitive components ig probably longer than a list of the researchers
studying the problem. Some of these variables include information processing, perceptual processing,
decision making, numerical operations, and spatial processes used for tasks such as map reading. Some
of these variables are rspresented in the Armed Services Vocational Aptitude Battery (ASVAB). Tha
aviation community has led the way in using such tests in selaction. Howavaer, it is probably fair to say that
fitile research has been done exploring individual ditferences in cognitive skills in the context of workload.

Surnmery

This, then, is the situation we need to study and it is complex. Clearly, workload and human
performance are affocted by exiemal influences, and operator states, both transitory and stable. How do
we measure performance success or failure? Because there are many determinants of performancs,
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researchers have deviscd many ways 10 predict and to measure thelr influence on behavior. Each method
may provide different answers. Thus, the way the question is phrased and the approarh to assessing
behavior becomas importart. Conssquently, workioad is generally considared to be complex and a multi-
dimansional concept.

Definitions of Operator Workiced

A paradie of definittons can be rather dull. However, various authors have discussed the meanings and
definitions of workioad in different manners. Even though no single definition of workioad is generally
accepted, it is well 10 organize the various threads of thought into & more coherent and practical package.
Accordingly, a ieview of the aRemative definitions will be instructive. What we wiil find is that each author
has a different twist and this twist is reflected in associated research efforts. The ditferences often stem
from an incornplete understanding of underlying mechanisms and processes. So it is in workioad;
workload is not a unitary concept but, in fact, a multiimensional one. The particuiar definition one adopts
has axtremely important implications in the appiication of the various techniques to measuring workload.

Waebster'.» defines workload in the following ways:

workioad n 1: amount of work or of working time expected from or assigned to an
empioyes. 2: the total armount of work 10 be perfonned by a department or other
group of workers in a period of tima (Webster's Third International Dictionary, 1876, p.
2635).

A scientific definition becomes much more detailed than just amount of work or of workliig time. Rather
than just considering the individual, one can consider parts of the individual. Thus, one can analyze the
amount of work done by the hands or by the ayes, or any other pait of the body. A common distir..tion
made along these lines is between physical and mental workload. Similarly, the definition implies some
external agency Jefining the amount of work and the number of things io be done. Bosses are good at
that. However, for purposes of argument, we could also consider workload from the employee's
viewpoint. Comparing the two viewpoints may show a discrepancy! Indeed, we will discuss the viewpoint
of some investigators who state the latter viewpoint is the correct viewpoint.

Webster's sacond definition refers to crew workload and will not be discussed in this volume. Individuai
operator workioad relates to personne! an training considerations; crew workload relates to manpower
consideraiions as well. Ai a basic levei, the term workload carries & number of meanings within the miiitary
community, especially the second dictionary definition. In particular, within a MANPRINT context,
workload often is assoclated with the number, frequency and durations of activity-based tasks performed
by a specific number of Army personne! of particular Military Occupationial Specialities (MOS's), skill levels,
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and paygrades. i is clear in this context that workload does not reter to cognitive/physical undsrioad or
overioad, but rather to task-based manning coneiderations. Obwviously, care rmust be taken to specity
clearly what Is baing discussed when using terms like workioad and workload analysis. Crew workload and
manpower considerations are closely tied to the potertial cognitive overioad of indivibugl opurators (Hill &
Buiger, 1988), but they are different anct should be clearly differentiatec.

The discussion of the hurnan operalor model suggests that an operators performancs on a given 2ask
depenis not only ¢n the demands of the task, both in accuracy and time. and the situation in which it is
ombedded, but also on the capability and the wilingness of the operator to respond to those demands, A
ditficulty in defining operator wurkivad Iz that thore are alternate, legitimate ways in which workload can be
considerad. We will not considar all possibie . finitions, but rather just the set that has been most often
used by the rescarcherr. 7o a largs extent, definitions depond on the techniques used and the
constraints imposed by those techriques. In this section, three broad categories of workload definitions
are discussed:

« amount of work and number of things to do,
« time and the particular aspect of time one is concerned with, and

« the subjective psychological experiences of the human operator.

We will consider aach of these categories trom sevaral vantage points. The first two are congruent with
the first dictionary definition and have parallels with traditional time and accuracy perforrmance
measurement. The psychological dimension is added. Doing 0 revaals gaps in research which obviously
have implications for application. Athough it is somewhat prematura, we will also relate the definitions 10
follow to the workload assessment techniques employed.

Every reader is familiar with the fable of the three dlind men examinirg the elephant. Each of the blind
men was right is his observation but wrong in his conclusion. Much o what will be discussed in the next
section is a living exampie of this fable. But science Is like that. W7 0:%aln one observation at a time, and
through a collection of observations, the truth beging to emerge. '.ater we will desc:ibe the eiephant
called workload. First, however, let us review some observations.

Amount of Work / Number of Things To Do

To quantify operator workload, some researchers have sougtit to identify the absciute amount of work
recjuired to complete a given task. Although this is a desirable ¢ oal, it rnust ba racognized that the actual
amount of work needed to complete a given task (e.9., asse ising a tacticdl situailon) varies with the
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situation (e.g., the number of targets on a scroen). Nevertheless, & given task will still possess a
distribution of amounts of work required, and i might be useful to astimate that distribution. This approach
to quantitying workioad considers it as a function of tha task and situation - a point of view external to the
human operator. A paratlel conception is the number of things which have to be done in a psychomotor
contaxt (Dick, Brown, & Balley, 1976). Both of these conceptions are performance based. Note that this
conception implies an accuracy or a quakity component of human performance. The quality is not aiways
well defined; someiimas it is just in terms of satisfactoiy completion: ‘Any landing you can walk away from is

a good lanving.’

Tha concept of work in the physical sciences Is readily understood. N is sometimes less claar what work
means for biological systems. There is a large overiap in the concept of work for machinas and humans,
and it Is instrnuctive to describe an analogy between them. First, work is not parformed without soma cost.
Energy or other resources must ba expended for work to be accomplished, for axample, gasoline is
stored in a vehicle's tanks, electricity is stored in batteries, etc. Second, the buming of fuel and oxygen
rasults in enargy being released. Third, tha rate at which fuel is burnt may change from moment to
moment depending on the current demands ot the situation. The vehicle could also run out of fuel.
Something or someone must detect or be awars of the changing situational demands and regulate the
rate at which fuel and oxygen is being defiverad to the engine.

The Stable Capacity cf an individual. While most weukl agrae that the amount of work to be done
is an important element of task workload, the amount of work must be considered in relation te the capacity
of the individual to perform that work.. Here again, there are excelient anailogies to mechanical woiklaads.
For example, we may define a task as moving a wagon having a particular load from one location to
another. A vehicie having a large capacity motor may experience no difficulty in performing that task.
However, as the capacity of the motors of altemative vehicles gets smaller and smaller, greater and greater
difficutty will be experienced in performing that task. In fact, at some point, the load might be too much for
onea of the vehicles to handle. In tho sa.e fashion, humans differ ir their cabadﬂes to perform a given
task. Some might iind a task easy to do wii'e ¢iners might find that sams task impossibie to pertorm. This
viewpoint of wor.:ioad rapresents a conceptian of workload intemal to the operator rather than external to
him. Furthernore, the capacity of the humar is assumed to be fairly stabli across time, as what might be
found by administering personnel selection tosts.

There are two differsnt meanings for the term ‘capacity’. One involves considerations between
individuals (individual differences) and the v.ay periormance and worki:.a4i Jitfer from one individual to
another. Little work has been done in this arsa. The other meaning rafer: to a single individual and is
used in the context: How much more can the operator do? This latter meaning has been conridered in
truch greater detail by researchers .
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Spare Capacity of an indivical to Perform Other Tasks. Much discussion of workload has been
based on the foundation of information processing concepts. Gophser and Donchin (1986) suggest that
workload implies “limitations on the capacity of an information processing system” (p. 41-3). Gopher and
Donchin (1988) and Kantowitz (1985; 1987a) overview some of the more prominent theoretical models
related to the workload area. Inthese overviews, a major theoretical perspective of workload is the spare
capacity model. Urnider this formulation, the human is viewed as having a limited capacity or ability with
which to process information. A simplistic example woukd be a person who has the capacity to receive and
process a specific amount of intormation. It that person is currently using only 25% of that capacity, then
the person has 7E% spare capacity currently not in use.

Resourcez Available. A related model also based in information processing is referred to as the
multiple-resources theory. In this theory, muitiple peols related to specific abilities, such as verbal and
spatial, are postulated to exist. Workioad is then considered in the context of utilization of the abilities,
singly and in combination. Much work has been done in support of this theory (e.g., Navon & Gopher,
1979; Wickens, 1980; 1984) that suggests thare will be less competition for the limited resources, and
hence less overall workload, when controls and displays do rnot all require the sama resource pool (e.9.,
verbal) for processing and controliing than if the display and associated control require the same
rasources. (Our second exampie at the beginning of this chapter, interleaving recitation of the alphabet
and numbers, is an example of competition for memory resources.) From this perspective, "mental
workload can be described as the cost of performing one task in terms of a reduction in the capacity to
pertorm additional tasics, given that the two tasks overlap in their resource demands” (Kramer, Sirgavaag, &
Braune, 1987, p. 146). Howevaer, this theoretical perspective has its skeptics who suggest ihat single
pool rapacity is sufficient; multiple pools of capacity are simply ur necessary to .xpl=: 1 human inforrmation
processing (e.g., Navon, 1984; Kantowitz, 1987a).

Time Based Conceptions - Working Tkme

Tha preceding section discussed several ways in which resear:hers have described workload in terms
of amount. In this section, we considsr the issue of time. Three different ways ! considering operator
workload are describec), all based on temporal elemerts. Each dafines workload in relation to some time
component, as in the amount of something that has occurred, is occurring, or is scheduled to occur.
Simply defining workload as amount of working time fails to infortn v 5 of whether we should aitend to (a)
the past, work completed, (b) the present, work currently being accomplished, or () the future, work
scheduled and work anticipated.

The future is the easiest to deal with. To date, there have been few published discus.ions of work
scheduled as a factor determining workioad. Neverthelass, the current activity ot an individual will be
influenced by what has to be accomplished 1~+er. As Hart {personal communicatiori, Ju! - 1987) has
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pointed out, the smount of time spent on a current task Is influenced by the known and expected time
requirernents of iture tasks. Sheridan and Simpson (1979) call this nearmess to deadlines.

One of tha most commonly used conceplualizations of time involves the prasent. It includes the time
required (Tr) fav 2 task in relation to the time available (Ta) to perform the task: Tr/Ta (e.g., Holley & Parks,
1987). A ratio of greater than 1 implies that the task cannot be done in the ime allotted; a ratio fess than 1
indicatas acceplable times. This is a performance definition of workload; the task can be done within the
time frame or it cannot. The Tr/Te ratio defings an important but limited condition for overall workload
definition. Normally, the application ¢f this definition assumes an acceptable quality of performance when
the task is complated, but the definition docs not take into account the degree of quality of performance.
Like the amount dafinition, inferences about workload are made from performance. If the task can be
accomplished within the time available, then the operator may have spare time and spare capacity. The
Tr/Ta ratio is also called time stress by some authors.

A quiite diffe rent approach is to consider the time already expended. Although you will not read much
about it in this voluma, this is related t0 the effects of fatigue and the issue of workioad duration. Thatis, a
greater effort may b needed to perform an act if the person's current capacity for that action has been
depleted or is currently low. Muntal effort may not require great amounts of physical energy and the laws
may diffar for mental ard physical fatigue. Nevertheless, probably everyone has had the experience of
being pushed to the point that it is relatively difficult to think, leading to slower processing. Indeed,
performancs on a vasiety of connitive tasks daclined in a sustained command and cortrol anvironment
{Angus & Heisgrave, 1483). Mean time lo process messages increased, showing the operstors were
working more slowly. Similarly, the number of corract responses decreased on a logical reasoning task
and other tasks. However, errors did not necessarily increase on ihese tasks, indicating slower Lut equally
accurate performanc a.

Composite Concepiualizations

Having understood the limitations with the definitional approathes described ahove, several
researchers have suggested that workload is really a composite of several different things. For exampla,
Jahns (1973) proposed that workload can be thought of as containing the components of

« input lcad,
* operator effort, and

« performance.
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According to Jahns, input load is the task requirements (situation demands in Figure 2-2) imposec on the
operator, that is, what is required of the operator. The second component is the degree of effort baing
aexpanded by the operator to accomplish the requiremants. The third component relates to operator
performance and to what degree the required tasks have been accomplished.

Many other investigators also consider workload to be a multidimensional concept. Workload has been
exprassed as a giobal concapt that attects operators in relation to their ability to acoomplish a task (e.g.,
Hart, 1986b). Edholm and Weiner (as cited in Rohmet, 1987) suggoest that workload is the total of all
determinable influences on the working person. Therefore, all elements of work including environmental,
soclal, motivational and other factors will affect the wirrkload. There can be lttle doubt that there are
individual preferences regarding what workload means and the factors that may cause it. Certainly this was
the case when, for example, Hart, Childress and Hausger (1982) asked 117 people which ot 19 possibl .
components were a primary component of, were related to, or ware unrelated to workload. Each of the 19
components were considered as primary by at least 25% »f the individuals. However, only task difficulty
and time pressure were considered a primary component by more than 72% of the raters.

Subjective vs. Objective

Amount of work and time to do the work are two sbjective ways of inferring workload. Semehow,
however, they do not capture all there is to workioad. In the driving example, peformance remained
acceptable throughout, but the panseived difficulty of the task increased in both time pressure and the
amount of work. One would like to capture the level of perceivad difficulty as an indicator of when the task
wiil become too dificuit. Workload researchers have recognized this omission and defiried workload in
the context of sub,ective and psychological variables.

Eifort Nesavd 1o Perform a Tagk. Closely associated with the performance of a task is the effort
needed to do a task. From this standpoint, workload depends nct orily on the particular task to be
accomplished, but also the current capacity of the onerator to perform the task. That is, a greater effort will
be nerded to parform an act, not only if the pergson's capability to perform that task is inherently limited,
but also when the resources needed to perform the task have been partially depleted. For example, one
might measure the actual physical work being done by a person doing pushups by determining the actual
distances and weight being lited. Some persons who are in better physical condition will have little
difficully in doing a certain number of pushups. For others, the same (ask can only be done with great
difficulty. However, bacav se of the progressive depletion of resources during this task, the final pushup
may be perceived as having required considerable more effoit than the first.

The concept of workload as effort also considers workload to be something intermal to the operator.
This makes the definition dependont not only on the normal capabilities of the individual, but also on the
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current states of the operator. Thus, it workioad is detined as operator effort should one be measuring
efforts expended, efforts anticipated, or effort currently being put forth? All three ways are implicit in
formal modelz of the human operator, but have not aiways been included in definitions of workload.
Subjective Experiences When Performing a Task. Some rosearchers have viewed workload as
subjective expericnce. Johanssen, Moray, Pew, Rasmussen, Sanders and Wickens (1979) concluded
that, "I the person feels loaded and effortful, he /s loaded and effortiul whataever tha behavioral and
performance measures show" (p. 105). Similarly, Shaiidan (1980) suggested that "mental workload
should be defined as a person's private subjective oxperience of his or her own cognitive effort. {p. 1).”

Sheridan and Simpson (1979) have suggested that there are three categories of words that are used
when talking about workicad. There are words associated with task time constraints, such as the time
available to complote work, the number of interruptions and the hearness of deadlines. There are also
those words that are related to the uncertainty and complexity associated with a task. These include such
things as uncertainty as to what the tas«s are and what the concequences of various tasks will be, as well
as the type and amount of planning that must be done to accomplish the task. The third kind of words are
those related to psychological stress such as risk, frustration, corfusion, and anxiety.

This three~dimensional definition based on time constraints, task complexity, and psychological stress
was adapted and operationalized by Reid, Shingledecker and Eggemeier (1981) for use in their
Subjective Workload Assassment Technique (SWAT). Time load refars to the relative amount of time
available to the operator (AAMRL, 1987) and the percentage of tirme an operator is busy (Eggemeier,
McGhee & Reid, 1983), and includes elements such as overlap of tasks and task interruption. Mental
effort (task complexity) refers to tha amount of aftention or concentration directed toward the task,
independent of time considarations. ’sychological stress is the degree to which confugion, frustration,
and/or anxiety is present and adds to the subjective workload of the operator. Factors that may increase
strass and elevate distraction from the task include personal factors such as motivation, fear or fatigue, and
environmental factors such as temperature, nolse, or vibration (AAMRL., 1987).

Summary Comments

Stating that operator workioad is a multidimensional concept may appear reasonabie, at first glance, but
it tends to beg the question of what workload really is. Workload is often used as a practical, atheoretical
term. Sometimes, workload is defined in terms of the amount and number of tasks io do and the time
available to do them. instead of atiempting to define the concey:t, these approaches tend to imply how
workload should be measured and assessed. In many cases, thara is little in the definition to distinguish
between workload and performance. Some dafinitions are mora internal and include psychoiogical
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dimensions such as siress, sffort, and difficulty. However, one can appreciate the complaxity of the
operator workload concept by noting all the facets that have been ascribed te it from the various
datinitions or conceptualizations.

What We Mean by Workload: An Anslogy

Earlier in this chapter, it was pointed out that workload is not the same as performance although
workioad Is related to performance and assumed to ba a determiner of the quality of performance. It was
also pointed out that there are a variety of influences on performance in the context of a human model:
Performance is the coin of the realm. The various definitions of workidoad hint at what is deemed to be
important, specifically, number of things to do, the time to do them in, and psychological factors. These
points all describe performance and workload from a relatively static stan dpoint.

Howavaer, an operator is highty adaptable and dynamic. By putting forth more effort for short periods of
time, adequate periormance can often be maintained even on tasks tha' are tco difficult or too conmplex to
handle for extended periods of time. But high workload conditions taka their toll, they deplete rescurces
needed for various capabilities, and they may well result in inadequate performance in the future. An
analogy would be if a design enginger evaluated the peformance ot a new vehicie only by the distance it
was capabie of traveling without ever considering the size of the fuel tank or the rate at which tuel was
being used. The fact that the vehicle can reach long distances under some conditions does not mean
that it can always reach those distances. To take tha analogy further, &t is also true that the relationship
between engine load in revolutions par minute (RPM) and fuel consumption is non-linear. Requiring the
vehicle to travel a specified distance at a very low or high RPM will use more resources per unit distance
than if the same distance were traveled at an optimally afficient RFM.

These characteristics are depicted in schematic form in Figure 2-3. The ordinates show the load on the
engine in RPM and distance or vehicle range as performance. In addition, the capacity of the fuei tank or
amount of fuel available is represented as a parameter with several difterent capacities shown as cursed
lines. To determine the distance that can be traveled (performance), ons needs to knew RPM and the
size of the tank. There are bourndaries. RPM cannot exceed some practical maximum, i.e., the red iine, if
engine damage is to be avcided, and obviously, if RPM is zero, no distance will be traveled. Similarly,
there are limitations of the capacity of the fuel tank; it cannot be zero and there is a practical maximum. |f
one wanted information about a 12.5 gallon tank, cne would interpolate between 10 and 15.
Pérformance of the vehicle under varying conditions can thus be described in non-liiear terms with
respect to RPM and in terms of a performance envelope whic!: is represented as the white space in the
figure.

23




Zero Load (RPM) ot Line

Figure 2-3. A schematic representation of a vehicle performanca envaiope as a function of workload/RPM
with fuel tank capacity as a paramete.

There are several other points one can make in this context. Dynamic changes made in the course of
execution can be represented in the figure. At or above the optimal RPM, an increase in RPM will result in
a reduction of travel range which would be represented as a shift of relative position within tho envelope;
for example, an increase in RPM from point A in the figure to A’ results in a lower vehicle range. Similarly,
one would want to plan a safety margin. For example, in aviation, the pilot is respongible for calculating the
amount of fuel needed to reach the destination, plus the amourit needed to reach an alternate airport,
plus a furthor safety margin of at least 10%. In aviation, it is standard practice to stay away irom the
performance envelope boundaries.

In a similar way, we can consider humean performance in tarms of a performsnce anvelope. We show
this in Figure 2-4 which is basically &« human analogy to Figure 2-3. In this case we have depicted workload
(time or amount) and paiformance on the ordinates. The paraimetar <an ba viewed as an estimate of the
operator's current states, in shoit, his current capability. There is a parallei between a dynamic change \n
the vehicle analogy and a dynamic change in human work. Both performance functions are non-linear;
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unlike the vehicle axample, however, the amount of currently available human capacity can vary with
changes in effort axpended, at leas! up to a iimit. As in the vehicle example, one would want a safety
margin and that is attained by avoiding the perforrance envelope boundaries. But, in order to avoid the
boundaries, one nr.ads to know where in the space the operator currently is, hcw much additional work is
coming in, and the rate at which this additional work will cause the operator to move toward a boundary.
Thus, workload cannot be evaluated rrarely by knowing the amecunt of work that a task requires of the
human. One also needs to know the rate ai which the work must be done and the extent to which it will
depiete the human resourcas that are avaitable, not only for the current task, but for othars that will be
accurring in the future. In short, one needs to know whaera tha operator is in the performance envelope at

any given time.

Performance

Zero Workdoad /| o Ped
Task Loading

Figure 2-4. A schematic representation of human performance and the workload envelope.

Nor is it sufficient merely to ccnsider the impact of various tasks on the average operator. individuals
ditfer in their capatiiities and resources at the baginning of a mission, and those differences may become
more pronouncad as the mission unfolds. Operators who start a mission with lessor capabilities may have
to expend thaii limitad resources :aster than those who begjan with greater capabilities. Task demands
and tha Ekelihooct of humans being able to accomplish thern cannot be analyzed and evaluated without
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considering both the individual and the impact that previous tasks may have had on the individual. Just as
we are interested in the readiness of a military unit to respornd to various types of damands that may be put
on it, the practitioner shouid be interested in the moment-to-moment readiness of the individuals to
respond to various task demarkds. That is, we need to know the starting position (the capacitias of the
memntal and physical fuel tanks) of the oparator in the workload space and how ciose the nparator is to the
boundaries of the envelope.

What We Mean by Workioad: Describing the Elsphant

The review of the defiritions did not indicate any overwhalming unanimity among the authors. indeed,
the definitions reviewed have more in common with assessment technigue descriptions than with
conceptual definitions per se. Having made these few points, let us be venturesome and extract some
conceptual principles conceming workload. Our tenets of workload are:

+ Workicad is relative. It depends on both the external demands and the internal

capabilities of the individual. This relativity exists in both dimensions of amount and
time, e.g., it can vary over time for an individual.

«  Workload causes the individual to react in various ways. Workload is not the same as
the individual's pericrmance in the face of work or tasks.

«  Workload involves the depletion of internal resources to accomplish the work. The
higher the workload, the iaster resources are depleted.

» There are a diversity of task demands and a corresponding diversity of internal
capabilities and capacities to handle these demands. Persons differ in the amount of
these capabilities that thay possess.

Out of these tenets we can derive a working definition of workload. !t is not the intention here to
propose the definitive meaning, but rather 1o suggest the working definition for the purposes of
understanding and of practical application. In the sense that workload and performance are related in the
manner shown in Figure 2-1, what is really of interast is to predict that point just short of rapid degradation
of performance. This can also be stated in term: of the current vs future position of the operator in the
workload envelope of our analogy in Figure 2-4. F*ast periormance can be measured, but the future ability
of the operator to perform is what the practitioner would like to know. Where in that hypothetical
performance envelope does the operator currently lie? In this sense, the aspect of workload that needs
most to be estimated or measured is considereci to be the relative capacity to respond. This working
definition is meant to imply not only the amount of spzire capacity, but also the ability of the operator to use
that capacity in the context of the specific personal and environmental situation.
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By proposing a working definition as the raletive capacity to respond, the emphasis is on predicting
what the operator will be able to accomplish in the future. It is a giobal definition in that it does not
necessarnly attempt to explicate the specific factors or dimensions that will influance individuals in their
performance or perception of workioad. (The definition is, however, consisterit with all the points made.)
At ali times, workload will involve the interacticn of the operator with the task and thase two elements
cannot be separated totally. At the same time, the circumstanre will dictate to what extent operator
characteristics or task characteristics will be important in the assessment of workioad. The spacific
situation will determine the most appropriate questions to ask about operator worklioad, and consequently
the mast appropriate ways to answer those questions.

‘Taxonomies of Workload

Our working definition cuts across the various techniques used in workload assessment. To discuss
the techniques we need a different frameworic, and for that organizational framework, we utilize a
taxonomy. Taxonomies are developed as alds in classification. Classification serves the useful purpose of
grouping similar items together ag well as being helnful in explicating their structure. Researchers hava
used various workioad taxonomies for the two rnain purposes of (a) classifying the nature of the operator
tasks and (b) classitying worldoad assessment techniques.

Task taxonomies are useful because some workload techniques appear to be able 0 discriminate high
and low levels of workload in some typns of tasks batter than others. Often this differential discrimination
resulis from the specific design of and ihe intention behind the technique. A task taxonomy can be useful
in heiping to determine the more appripriate workload techniques for a specific application.

Taxonomies also have been uevalopad to classify worklcad maethods and techniques into descriptive
categories. As will be discussed later, some categories of methods are more useful for specific
circumstances than others and the classification scheme provides a convenient vehicle for categorization.
By classitying both tasks and techniquss, matches may be found more easily.

By Task. A comprehensive revisw of the operator workload literature was completed nearly a
decade ago by Wierwille and Wiliiges (1978) In the repor, they provided a surve, and analysis of 400
workload studies. For classification, they used a human operator task taxonomy (called Universal Operator
Behaviors) that had been developed earlier by Berliner, Angell, and Shearer (1964). In this task
taxonomy, human activities in systems are separated into four broad categories:

* Percepiual tasks or sensing tasks; for example, seeing a warning light on an
instrument nanel;
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+ Mediational or cuyr ive tasks are those that involve thinking (e.g., soiving
mathematica problems);

- Communication includes face-to-face speaking, radio, and other communication
tasks; and

*  Motor processes are thuse which invoive muscles or body movement (e.g., activating
a pushbutton).

The Universal Operator Behaviors taxonomy has been adopted by other workload researchers as a useful
fask taxonomy. (A complete description of the taxonomy appears in Chapter 8). Some of these
categories will be discussed indirecily in the context of the review of techniques.

By Technique. Wierwille and Williges (1978) separated wuorkinad techniques and measures into
four catagories, namely subjective opinion, spare mental capacity, primary iask, and physiological
measures. Having developed these catepories, they used thein (v calagorize workload techniques with
recpect to operatol behaviors. Other taxonomies of workioad have been daveloped as weli, including
subjective/ubjective subjective/performance/physiological, and similar variards. For example, Johanasen
(1979) suggests a four-group classification for techniques to measure oporator efinrt: time-line analyses,
information processing studies, operator activation-level studies, and subjective effort ratings. Moray
(1979a) suggests that OWL techniques be divided into normative, phys'ological, and smpirical measures
corrasponding to the thrie components of the structure suggested by Jahns (1973), specitically, input
load, operator effort, and performance. As suggested by Moray (1979a), normative maasuros inciude
those which look at the input load, such as queusing theory; physiological measures iiiciude those that
attempt to measure the effort or activation level involved, such as heart rate or EEG; and, empirical
(behavioral) measures are those relatad to performance such as reaction time or root mean squared [RMS]
error.

Other researchers suggest clogsification schemes with more categories. For exampie, Strasser
(Hamilton, Mulder, Strasser, & Ursin, 1979) has developed a taxonomy of OWL methodologias with eight
categories:

+ Vegetative variables ~ hearn rate, blood pressure, respiration, galvanic skin response;
« Central nervous variables - electroencephalogram, evoked potentials;
» Biochemical variables - hormone levels in bodily fluids;

* Paripheral variables - pupil diameter, electrooculogram, critical flicker fusgion
frequency;

«  Subjective methods — rating scales;
* Loading tasks ~ continucus and discrete; paced and self-pacecl tasks,

« Periormance measuras ~ reaction time, etc.; and
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«  Observations - task analysis and behavioral measures.

The categorization of techinigi:es in this taxonomy reflects a particular interest in physiological measures of
workioad (Strasser, 1927). Clearly, ciassification schemes are created to meet spacific needs of the
researcher and the intended user and application.

An Expsndad Tectinique Taxonemy

The workload technique taxonomy used for this report i shown In Table 2-1. i Is designed (o be
flexiide and meaningtul in addrgasing OWL iusues in the Army. it ditfers from previous taxonomies ir that
greater emphasis is placed on those analytical techniques that can be used 1o predict OWL. during system
concept development and prekminary system design. Previous taxonomies and most OWL research
have concentrated on empirical techniques that are applicable orily at more advanced stages in the
sysiem development cycle - - i.e., thay are test and ovaiuation oriented rather than design oriented. The
term analytical is used to label tachniguas which are used in a predictive manner without actually
employing an operaior; operator-in-the-loop technicuies are isbaled empirical. 1 is quite claar that the
Army needs bolh types of techniques. The taxonomy is elaborated in the discussion of classes of
techniques in subsequent chapters and prasented in detall %o include sl techniaues In Chapter 8.

Analytical Technigues. The focus of the analviical techniques is on workdoad analysis that miy be
applied without operators-in-the-icop. These techniques are used to predict workload early in system
development where the greatest design fiexibility is svailabla with the least impact on system ccst. These
techniques may also be used throughout hardware development to guide, augment, or extrapoiate
beyond operator-in-the-bop investigations. The anslytical tachniquaes are classified into five categories:
(a) Comparison; (b) Expert Opinicn; (c) Mathematical Models; (d) Task Analysis Methods; and (e)
Stimulation Modesis. These analyticel categories are discussed in detall in Chapter 3.

Empirical Technigues. The empirical techniques have received considerable attention and are
‘he most familiar methods (O'Donnell & Eggemeier, 1986). The taxonomy of ampirical tecliniques
presented here includes four major categories (O'Donnell and Eggemeier, 1986) and is similar to that
developed by Wierwille and Wiliges (1978) . These include: (a) Primary task measurements whicth: focus
on the dagree to which human and system performance achieve stated goals. (b) Subjective matheds
that assess operator opinion and include rating scales as well as questionnaires and interviews. (¢)
Secondary task approaches have been used to examine the amount of operator apare capacily. (d)
Physiological techniques, both classicai (e.g., heart rata) and speciakzed {e.g., heart rase variability or
evoked potentiaig) which continue 10 be cxamined &s to thelr most appropriate application in workioad
assassme:.l. These classes of technicues are discussed in Chapters 4, 5, 6, and 7, respectively.
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Table 2-1. Taxonomy of workload assessiment tachnhiques.

TECHNIQUE CATEGORY SUBCATECORY
|~ Comparison
Expert Opinion Manual Control Models
, Math Models Information Theory
Analytic  w—sg Task Analys Modalis
nalysis
Queueing Theory
Mathods Models
Simulation
| Models
e Primery Task B System Response
|__ Opesrator Response
B Scale
Subjective —| Rating Scales
Methads | Questionnaire/Interview
Empitical e _Subsidiary Task
Secondary Task -~ Probe Task
| Dual Task
Classical
Physiological |
- ysiologica Specialized

Some Adkditional Dafinkional lssues in OWL

There are some additional definiiions and conceptual tools useful for workload analysis. Because ot
thsir ralevance for analysis and workload assessment, they aie addressed in this section. Trie issues tend
to be more important for empirical techniques than for analytical techniques; however, they are relevant for
both. Analytical techniques use definitions to identify performance and workload measurement. The
develeper and user can decide in a relatively direct manner how he wants to assess workload. With




empirical techniques, however, the issue is not quite as straightforward. 1t is rot easy to go back to collect
data that were missed on the first test. Nor is it easy to scrap a technique and replace it with another that
provides a more desirable level of quality and deiall. Clarification of these concepts at this point will haip
the reader in evaluating the subsequent review and discussion.

Sensitivity of Techniques end Measures

Sensitivity of workload assessment techniques is the degree to which the various techniques can
difterentiate between levels of khad placed upon the oparator. Some investigators (e.3., Wierwille et al.,
1985) have strossed issues of workload assessment sensitivity. It is gonerally accepted, misiakenly, that
most empirical workload estimation techniques are sensitive to changes in ioad imposied on or
axperienced by an operator. In fact, the majority of techniques are ingengitive when tasted in scientitic
experiments. For example, Wierwille and his colleagues tested 25 different techniques in four
experimenis and found that only about 25 to 30% of the techniques had any usable sensitivity. However,
the sensitivity also depends on the appropriateness of the technique for the system.

Lack of sensitivity is the single most critical issue in selaction of an empinical technigue. if an insensitive
technique is used, t will indicate there are no changes in workioad regardiess of the values of the
independant variables. This could lead to systems with workioad problems discovered only after fielding.
it ic for this reason that we advocate using muitiple techniques when assessing workload.

Diagnesiicity

Diagnosticity refars to ihe extent to which a technique reveals not only overall assessment of OWL but
also information about cornponent factors of that assessment. For example, an important diagnostic is the
ability of a measure to differentiate among various sensory, perceptual, cognitive and psychomotor
aspects of human performance. The concept as usad in workioad has been attributed to resource theory
(O'Dounnell and Eggemeier, 1985) but the basic methodology for such a differentiation can be traced back
to Gamer, Hake and Ertksen (1956). The essance of the notion of diagnosticity is to be able 1 identify the
specific mechanism or process involvad or overloaded during performance of a particular task. Typically,
the diagnosis is an inference based on the imformation available. Gamer et al. (1956) have formalized the
concept of converging operations, a diagnostic methodclogy for attacking the problem in several different
ways to insure the quality of the inference. The converging operations method is critical o the
diagnosticity of workload techniques.
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Diagnosticity is an important issue, but most workload measurss are inherently weak in this regard.
Diagnosticity can often be improved significantly by simultaneously recording system changes induced hy
the operator, i.e., rocording control inputs or other observable bahaviors. This is a version of converging
operations. An example is provided by Harris and Christhilf (1980) in which conrtrol inputs of the operator
were recorded simultaneously with eye movements. This allowed the Invesiigators to relate control inputs
to dwell times. They found that longer fixation time or dwell time on an instnument were associated with
control inputs whiie shorter times on the same instrument were not assoclated with control inputs. Thus, a
long dwaell time without a control input would imply difficulty in interpreting the instrument and in tum would
implicate a cognitive mechanism. By Inference, more mental activity and therefore more decision
processas were associated with the longer dwell times. Other analyses are consistent with this
suggestion (Dick, 1980). One measure by itself would not have permitted such an inference.

Tachnique vs. Moasuine

A lechnique is a generic term referring to a workload assessment methodoloQy. A measureis a specific
assessiment scale or a metric. For example, collecting heart data with either a wrist band for puise or chest
electrodes qualifies as a technique. Scoring the data for mean heart rate Qualifies as 2 measure; it is a form
of a metric and data analysis appied to heart data. (it may also involve considerably different agssessment
scales.) Similary, evaluati"g hean rate variability is another measure or metric applied to data collected with
a heart technique.

When selecting empirical estimates of performanca to derive workload, an investigator must not only
choose appropriate techniques, but also appropriate measires. Within a technique, sensitivity may vary
with the measure salected. For example, if time estimation has been selected as a technique to be used,
there are many measures that could be employed: absolute error, standard deviation of estimates, root
mean squared (RMS) error, or number of no-response intervals. Technique sensitivity is often dependent
upcn the measure used. Wierwille and Connor (1983) and Savage, Wierwille, and Cordes (1978)
demonstrated this for two secondary task techniques (i.e., time estimation and digit shadowing).
Measures should be selected carefully and should be based upon previous research or preliminary
investigation.

Techniqua vs. Procedire

A procedure is the application of a technique specifying the steps taken in applying & technique. This
is like plotting out two different routes to get from point A tc point B. Differences will be in terms of the
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quality of the ride, the time taken, the likelihood of getting lost, etc. Similarly, a given tachnique ¢.in be
appiied in ditierent ways and each variation may affect performiince diferently. For example, time
astimation can be used in many ways. The following are examoles of procedural varations:

« Subject produces intervais x seconds long, or x seconds after an auaitory or visual
signal.

= Instructions indicate whether task is t¢ be neglectad under high load or to be
performed regardiess of load.

* Interval produced is to be 5, 10, 15, 20, or 25 seconds.

»  Subject's responsa is verbal, pushbutton, or pedai actuation.

»  Subject is instructed to count or subject Is instructed not 1o count.
Because performance, as well &8 sensitivity and diagnosticity of the technique, is atfacted by procedure
as well as by technique and measure, each aspect of a procedure should be considered and decided
upon before actual data collection. Procedural aspects shouid be based on results reported in the
literature and appiication specifics. As with the second example at the beginning of this chapter, a

procedural change as simple as altering the mode of response from verbal to written responses can make
a big difference in bot: performance and the subjective experience of the respondent.
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CHAPTER 3. AMALYTICAL TECHNIUES

Cronemrtoer of Apehtion! Toochnioens

An analytical technique produces results that are used to predict performance and estimate workload
withoot -actually haﬁﬁﬁﬁu/r;a/'nbpemtor exerciga the system. This definition of analytical technique
appfies even when a octuntial operator of the system under devél&)pmem. or the operatof of a similar
system, may offer expert opinion as a subjoct matter expert (SME). In contrast to analytical techniques,
empirical techniques are those which require a human omratqr to interact with the system in question.
The identification and development of useful analytical procadures for estimating workload and predicting
performance continues t0 be an actively pursued gqa!. This is especially true in the aﬁplied sector, where
system developers need to assess workload early in the design process while conceptual designs are
easily modified.

The general difficulties that exist with thé assessment of OWL (as described in Chapter 2) are most‘
pronounced for analytical techniques. The lack of oparator interaction with the system presents problems -
in defining the relevant workload issues and measures, There is also the added difficulty of the scarcity of
detailed data  about the system that is to be operated by the human. Typically, analytical techniques
predict performance and potential performance faflures. Workload, therefore, is often an lnference'
~ derived from a prediction that a task cannot ba parformed tc criteria or standards. For example, an ;
‘operator's activities may require more time than is avallable with n the time constraints and requirements of
the mission. ‘

There is no fully accepted formal modsl defining the factcrs whi&h drive workload nor relating the
contribution of each factor to overall workload and its subsequ ent impact on performance. The result of
this deficiency is that various analytical techniques uss differ :nt meaé\ures to assess workioad. Some
techniques estimate workload without explicitly considering the human, &\eﬂnlng workload in terms of task |
~ demands such as numbers of tasks to be parfmmed. Cthe's try to ectimate the ¥>perator‘s attentional
reserve capacity, following theoretical constructs of human a>ilities. Finally, some a\nalyﬁcal techniques
attempt to incorporate empirical or observed human perormance capabliities within the workload |

estimation procass. ,
Few, if any, of the available analytical aoproachas may b considaered to canture the full complexity of
the workload issue. Hownver, tha techniques cover a varie'y of wolkload Issues, Thus, each individual

method can provica the developer some useful DWL inform: tior, 2s well as information about the operator
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and system performance. In general, two conclusions may be drawn about analytical techniques in
particular, and OWL techniques in general:

* A battery of techniques, both analytical and, ¥ possible, empirical, Is needed for each
situation.

«  Ditterent dituations require a different mix of OWL assessment techniques.

A number of very useful techniques have evoived. Some are more general than others, and sorme
more applicable to certain preblem domains thai to others; the difficulty is to determine which techniques
are best suited ior a specific application. The intent of this chapter is to dascritie the various analytical
procaduras, assess the utility of each, and provide specific exampies of each procedure. Table 3-1
comprises five major categories of workload estimation techniques, each of which is described in detail in
subsaquent sections of this chapter, The first class of tachhiques involves comparison with predecessor
or refarence systems. The second technique, expert opirion, involves the elicitation of worklcad
estimatas and predictions from oparators or other system experts. Third, matheraatical models represant
attempts to abstract and quantify aspects of the human-maching system through the use of formal
mathematical representations and relationships. Fourth, task analysis tachniues, based on detailed
decompositions of the intended missions into individual tasks, are described. Lastly, approaches to
computer simulation of human performance are consklered.

Table 3-1. Taxonomy of analytical techniques.

ANALYTICAL TAXONOMY

. Comparison
. Expert Opinion

. Mathematical Models
. Task Analysis Methods
. Simulation Models

A Summary Evaiuation of Analytical Techniques

in addition to a review of the techniques, there is an intent to provide guidance on which procedures
may bo best suited to a given set of resources and measurement goals. Toward that end, Table 3-2
provides an overview of the techniques and a consensual judgment of the present authors about the data
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Table 3-2. Comparative overview of the anaiytical techniques.

Dats Caost/Effors*
Technkjue Requirementa Requiremants Diagnoasticity Subjectivity
Comparison System level Low cost/ Low High
Low effort
Expert
Opinion Task leve! Low cost/ Low-Moderate High
Low effort
Math Models Task lavel Low cost/ Low-Moderate Low
High effort
Tazk Analysis
Time Based Task lovel Low cost/ Low-Moderate Low
Moderate effort
McCracken- Task lavel Low cost/ Low-Moderate Modarate
Aldrich Maoderate effort
Skmutation
Siegel-Wolf Task level Moderaie cost/ Low Mocderate
High effort
SAINT Task level Modearate cost/ Low-Moderate Moderaie
High effort
Micro SAINT Task level Low cost/ Low-Moderaie Moderate
Moderate effont
SIMWAM Task level Moderate cost/ Low Moderate
Moderate effort
SWAS Task element High cos¥ Low Moderate
level Moderate effort
HOS Task element Low cost/ Moderate-High Low
ievel High Effort

time/etfort.

*  Cost refers to acquisition costs in doilars. Effort includes number of personnei and  deveiopment
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requiraments, costs, diagnosticity, and subjectivity of each technique.The column entries aie defined as
lollows. The term data requirements refess to the level of detail required to use the technique. These
range from system level data for comparison down to the tusk eiement lavel for simulations. Cost refers to
the acquisition cost of the technique while effort rofers to the relative number of human hours needed to
apply the technique. Diagnosticity gives an estimaie of how well the technique will pingoint causes of
workioad. Subjectivity refers to the amount of judgment required on tha part of tha user and’or SMEs.
The potential user may consult this table as a guide to identify techniques of particular interest, and then
pursue additional reading for more information.

Compericon with Existing Systems

New system developmerit is traditionally more svolutionary than revolutionary. Typically, an enemy's
technological developments or increased levei of threat requires upgrading or replacing older weapons
systems with newar versions that perform essentiaily the same functions. In this case, tne older system
can provide an abundance of lessong leared, if that information can be obtained in a useful format. The
comparison method uses the physical and functional similarities between existing and proposed systems
to extrapolate data from the fielded system and apply them to the conceptual system. There is little
publishad material describing the application of comparison to workicad issues, although some
techniques have been developed in allied areas. However, more formal technlqued for this comparison
process must be daveloped if its full potantial is to be realized. Relevant work which has been reported is
briefly summarized below.

Usie of Comparison for Predicting Workload

A systematic attempt to use a comparative technique for predicting OWL is that of Shafter, Shafer and
Kutch (1986). They developed workload estimates for a single crew light experimental helicopter (LHX)
scout mission. They based :heir estimates on an earier detalled, time-based workload analysis of scou
missions conducted in a OH-58D helicopter with a two-person crew. Had a good workload database
already existed of the OH-58D, their comparison might have been performed more easily and effactively.
Nevertheless, their offort represants one of the first attempts to systematically compare conceptuat and
existing systems in terms of OWL.
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Use of Comparison for Pradicting Systam Etfectiveness

John, Klein and Taylor (1986) have developed a formalized comparison mathod for evaluating a system
by using analcgical reasoring based upon what is known about a compareble system. Their method,
known as Comparison-Based Prediction (CBP), is an extension of Comparability Analysis used by the Air
Force to estimate system reliabliity and logistic requirements. CBP is essentially a technique for
structiring and quantifying SME opinion and involves identifying factors that are expectad to influence
ralevant system characteristics of interest. Comparison cases or systems are then selected and rated as to
whather they possess more or less of these charactaristics. The causes of these judged differences are
then examined ultimately, to ideniify adjustment faciors that can be applied to the comparison system
operational data io produce predictions for the systom under study. In cases wher applicable operational
data do not exist, they can be generated by SME estimiates, although this will reduce confidencs in the
results obtained.

CBP feasibility studies wore conducted to develop estimatus of the training effectiveness of three
training devices: automotive maintenance task trainars, tank gunnery simulators, and howitzer trainers
(John et al., 1986). These studies indicated that CBI* was a viabie estimation technique that was useful in
generating design recommendations. While CBP has not yst buen applied to workioad explicitly, the
authors =tate that it could "... anhance a preliminary subjective workload assessment model by providing
reference anchors in comparable equipment, existing metrics, and operational expetience” (p, 152).

Esrly Comparability Analysis In Manpoweor, Personnel, and Training (MPT)

The Army MANPRINT initiative encourages the use of predecessor or reference systems in the
analysis of anticipated new system requirements (U. S. Army, 1987). To that end, an Early Comparability
Analysis (ECA) methodology has been developed (U. S. Army Solkdier Suppoft Center, 198€) to identity
MPT requirements early in the material acquisition process. A baseline comparison system, either an
actual whole system or a composite system made up of applicable components of other systems, is
defined and used to astablish high driver tasks. These tasks which significantly impact MPT concerns
help to define the expacted number and types of peopie or the required amount of training. The
MANPRINT initiative may be expected to promote the use cf comparability assessments of OWL.
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Summery

The acdvantage of the comparison technique for predicting OWL is its ability to obtain more rigorcus
clata than purely subjective estimates. Currently, comparison is less of a well defined technique than it is a
generalized procedure. Athough one migat like to see empirical workload data used as the basis for
astimating the workioad on the concaptual system, such & data base could also be obtained from validated
analytical techniques such as tack analysis. These data can be oxisting, or coilected specitically for
comparisoh purposes. Unfortunately, most current operational systems do not have a workload database,
and for those systems that do, the data oiten have questionable reliability and vaiidity.

Thus, the comparison technique offers a fairly straightforward anatysis, but only if data are available on a
predecessor system. The if seems to loom large. While it is likely that the technique is often used
informaily (and overlaps the expert cpinion technique), there appears to be a lack of documented
applications. One major impediment to making comparison z2nalysis a viable technique is the lack of
systematic databases on exisiing systems. However, as operator-in-the-loop workload evaluations of
existing systems become more of an established practice, use of comparative techniques to estimate
new, derivative system workload shouki be fadiitated. For example, a good, solid database is being bullt
for helicopter evaluations (e.g., Szabo, Blerbaum, & Hocutt, 1987) which will make OWL comparison much
easier for helicopters. If similar databases are constructed for other types of systems, the comparison
techniques may be expected to have growing utility.

Expert Opinion

Expert opinion is the oldest and most extensively employed workload prediction tachnique. This is
probably due to several {actors incl ¢ ing ease of implementation, relatively low cost, and a large supply of
experts. The first pait of this apprcach, given a system defined to some preliminary level of detail, is to
identity the users or developars of gystems that are either predecessors or functionally similar to the
system under study. These individuals or subject matter experts are then given a description of the new
system and its intended use, perhaps within the context of a detailed operational scenario. The next step
is the elicitation of the subjective opinions of the SMEs on how the system might parform, focusing on
major strengths and weaknesses. Analytical evaluations of workioad may be developed through this
approach in a manner similar to that used in the comparison method. Employed as described, this
techniquse provides a capability to identify broad workioad problem areas early in the design process.

The application of the expert opinion technique descrived above is usually relatively informal. Often, it
is of considerable benefit for the workioad analyst to have an expert describe the details of operation in an
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unsiructured manner. However, this informality may introduce considerable varability into the quality of
the results obtained. Whether due to levels of experiance, tamiliarity with types ot systems, verbal
capabilities or SME blas, individual differences in SMEs can produce a substantial spread in the workload
estimates. There also may be miscommunication betwgen the investigator describing the system and the
SMEs, resulting in an erroneous understanding of how the system operates. Fischoff {1983) provides a
gocd overviaw of the problem of eliciting expert opinion. For this technique to be more objective, a
structured, formal approach is needed in both the selection of SMES and the elicitation of information.

Dwiphl Technique

Attempts to structure expert opinion have been made; the Delphi method, for example, has been
developed for reducing the variability in SMEs' workload estimates (Dalkey, 1969). This technique is "...a
process whereby subjective judgements or the impilicit decision-making processes of experts can be
made more cbjective and explicit” (Meister, 1985, p. 423). Generaily, Delphi is administered to a group of
SMEs. The eventual goal is to arrive at a group consensus, for example, on the expected workload for the
defined system arxi scenario. The Delphi Techniqua involves several phases, most of ‘which are iterations
or rounds in which the results of previous rounds are summarized and retumed with a questionnaire to the
group of SMEs. The method is most applicabie to situations in which existing referents or comparison
systems are not available, or where extrapolaticn or prediction are required. The validity and reliability of
the Delphi mathod is subject to the same constraints as any other subjective method, but where such
methods are required, the more structured Delphi method may strangthen the results.

Prospective Subjective Techniques

The most significant systomatic effort in expert opinion has been the development of an analytical,
prospective application of the Subjeciive Workioad Assessment Technique (SWAT), dubbed Pw-SWAT
(Reid, Shingledecker, & Eggemeier, 1984). Because less work has been done using Pro-SWAT, we
defer discussion of most of the details of its development and application to Chapter 5 which describes
SWAT. Like SWAT, Pro-SWAT has a scale development phase and an event scoring phase. The
proce-ural outline of a Pro-SWAT session, as described by Kuperman and Wilson (1985), invoives the
following steps:

« Define workload and describe SWAT and Pro-SWAT.

* Develop the measurement scale.
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« Describe the mission oquipment nackage including controls and displays (i.e., the
switching logic and formats).

+ Provide an overview of the mission scenario segments that comprise the role playing
exercise.

*  Execute role playing - Run through: the scei. ..io using whatever props are available.

« Obtain Pro-SWAT ratings - Obtaln ratings .fter completion of each significant task or
mission segment.

« Conduct a structured debriefing.

Pro-SWAT has been applied to a variety of systems Acton anc. Crabtrae (1985) used it to evaluate an
improved version of a military ¢3 system; Detro (1985) Eggleston (1984), Eggleston and Quinn (1984) all
describe applications to advanced aircraft systems; anc' Kuperman (1985) describes the use of Pro-SWAT
in e\)aluating advanced helicopter crewstation concepis. Eggleston (1984) compared Pro-SWAT and
SWAT wcrkload ratings provided by two separate gron)x: of pllots. One group participated in a Pro-SWAT
exercise using several configurations of an advanced attack aircraft, the other group flew these
configurations under the same scenarios in a flight simulator. A Pearson correlation coefticient of .85 was
obtained beiween Pro-SWAT and SWAT, indicating ¢ high degree of agreemant between the analytical
and empirical technigques.

Summary

In summary, the utility of t.2 expert opinion techrikyies for OWL prediciion is high during initial stages
of system design. Evidence from the studias reporiet. above suggests their use in situations when more
objective methods are not applicable, and formz iz ng expert opinion, as represented by the Delphi
technique, heips the SME to define workioad more objectively.

Theoretically, any empirical subjective assessment technique such as SWAT could b2 used as an
analytical technique and performed prospectively. Doing so would provide a more structured process for
gliciting expert opinion. However, the results wculd be subject to the same caveats as the parant
empirical technique, as well as considerations based on the introspective nature of SME estimates.

Matt.omatical Modeis

One of the earliest goals of rasearchers in 'workioad-related areas was to develup a rigorous
mathematical model which would be useful for predicting ¢ perator/system performance. !n principle, such
a model woukd identity the relevant varabiles an:! combine them a; orapriately so that workload-associated

47




effects on peformance could be accurately and reliably estimaied or predicted. The major steps, as in all
attempis to model human performance, were to:

*  ldeniity variables that influence workload elther directly or indirectly.
- Determing the lawfui reletionships by which these variablas combine.
+ Establish how the resultant workioad predictions crive predictions of performance.

To date, no fuily comprehensive mathematical mode! has bsen dsveiloped. Several investigators have
taken existing modals from engineering applicatioi domains and extended them to some aspect(s) of
wo:kload-related operator performance. The most prominent of thase modeis are based on manual
cortrol, information theory, and queuing theory. Each model is proposed to contaln soms parameter or
component that reflects the operators load or effort under specified conditions. Seme models contain
specific parameters that are proposed 10 be an index of load; others presume loading by defining the
environmantal input characteristics that are assumed to affect OWL and performance. The assumption in
both cases is that theso models will predict workload-related diivers and resulting performance.

Many of the models described below are aimed &t continuous control taske or information monitoring
tasks which have information presentad on separate displays. In part, this is becauso these tasks have
baen and still are imporntant in complex system control. More importantly, the associated performance
characteristics are definable and thus are amsnabile to this level of msihematical modeiing. Today, with
graater use of automated flight control systeins and muitifunction information displays, the manual control
task characteristics are becoming relatively less important. This does not mean, however, that operator
workload is concommitantly raduced. Indeed, the reverse is trua. The implication is that mathematical
models nead to be developed that rafiect the currernt set of increasingly cognitive tasks.

Manual Coritrol Mpdels

The manual control models fall into two gen cal categorios, those based on classical controi theory and
those that use modern state-space estimation methods as examplified by the optimum control model.
Both were davekyped within the context of continuous manual control tasks, such as piloting a vehicle.
Consequently, their application to workioad sstimation and prediction ie generally restricted to
environments involving continuous controling tatks. )esigners attempt to model the human operator
engaged in such a task £0 the combined human-machine system performiance may be determined. The
resuftant modsl reflects the etfcrt {(workioad) the operator is expending in ordar to maintain control of the
system. Extenced treaiments of Loth of these types of models can be found in the iterature (e.g., Kelley,
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1988; Shenauar. & Ferrell, 1974; Rouse, 1980). For an excolient treatment of behavioral aspects of controt
theory sea Pew (1574).

Manual control models have proven extramely vabiable in aircrait system developinent where accurats
prediction of handiing qualities is essential 1o developmant of flyable aircraft. Although these models may
be adapted to estimate measures associaied with OWL in this context, the mathematical sophigtication
required 1o deveiop or even understand the models imiis their appiicability. Detalled system parameters
must aiso be provided to exercise thess models fully; these parameters are trequently not avai'able during
earfy concet development. Consequently, manual control tnodels ar: 20t viable for many conceptual
systom evalustions.

visasical Control Theory. Cizssical control theory uses closec :00p stabliity analysis meihods to
generate descritng functions of the human oporater engaged in a contituous control task. In essence,
the human is conaicared 10 be & servomechanism atiempting io eiminato parceived errors. Eror, such as
daviation from patn, is the input to the model, and operator response via siome manipuiator device is the
output. These modseis provide a continuous prediction of operator c..tput over time. In workload
estimation applications, a baseline operator describing function is developad. Externai loading factors are
then applied which change tha characieristics of the modei in a mannar witich is belleved to be indicetive

of workioad. For exampie, system response lags to operator control inzuss can be varied. Changass
ascribed 1o increased loading may be used io predict OWL o the extent that the conditions undes which

the describing function was developed are generalizeble.

An appilication of classical contrsl theory to the workload estimation problem is describad in Holister
(1986). A modael is deveioped to estimate the aliocation of an aircraft plict's sttention among continuous
control and & number of cther managerial tasks. The mode! srovides insight ink: the nature of control task
degradation due to divided atiention through changes in tha describing functions. it also provides gn
indication of the attentional demands required for control activity and the excess capacity left jor
manageral tasks. The stated assumption is that bad handiing qualiios leave little cepacity for managerial
tasks; good handiing qualities leave more capacity. System desion goals are to muximize excess control
capacity. For example, to reduce the attentional demand for primary flight controi, displays can be
redesigned so that less time is requiiad for gathering flight information. Despite the sbility of the model to
predict performance, it is generally imited to continucus control woridoad. However, the model has bes:
able to predict pict ratings of aircrafi handing quakty.

Opiimsl Control Model. Modem control theory uses sets of differential equiaiions cortaining state
variables and control variables 10 describe the controlad systom. This state-spacs estimation theory hes
producea the opxinial control model (OCM).  An opiirial controlier, whan given a process to cortrol, does
80 by (a) observiig the state variables to the degree of accuracy possible, and (b) generating a conirol
response to these viriables vaile minimizing a performance cifterion or cost function. Ths criteria are
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usually defined as 4 function of error, control effort, or time. The OCM assumes that a well trained human
operator wik behave as an optimal controller. This impley that the operator will be aware ot his own and the
systemn dynamics. That is, the operator has knowledys of human response capability, the disturbances
affecting the system, and the criterion which defines optimal control. Varisbles such as observation noise
and motor nolgse are used to introduce orror (Baron, 1979) and can be ralated to attentional scanning
which is one variable considered to reflect difficulty, and hence workioad. OCMs of tha human operator
have performed rsasonably well in matching observed behavior and are capabie of handiing complex
multivariable syestems (Baron, 1579). Within the appropriste cortext, the predictive validity of these
models makes thern very usefui, akhough their mathematical complexity makes them inaccassible to most
investigators.

An oxcellent treaiment of applcations of OCM to workioad estimation may be found in Lavison (1879).
In this report, Levison traces the deveiopment of the madei, defines the basic workload modlel, ciles a
number of validation studies, and suggosts iesues for further development of the modal. Additional
examplos of the model's application can be found in Rickard and Levison (1981) for the prediction of pilot
ratings of the handling guality of different aircraft contigurations, and in Wewerinko (1874) and Smit and
Wewarinke (1978). Thesa appications of CCM predict & workdoad index based on control effort wt.ich is
developod in terms of OTM parameters. Levison {1970) dofines an OCM model containing an attemion
parameater which influsnces the ocbservation noise within the siate variable estimator. This parameter can
be used to determine the gitention sliocaled to a digplay variable and hence the relative importance of that
display variable in a conuol task. The OCM model can aiso be used for display design evaluation (Baron &
Levison, 1977; Gainer, 1879).

A recent development of tha OCM approach is the Procedure-Oriented Crew (PROCRU) Mode!
(Baron, Zacharias, Muralidharan, & Lancraft, 1880). PROCRU provides a frarnework for dealing with bot
riscrets and cortinuous tast:s. In a discrete task application, Levison and Tanner (1971) replaced th2
control law with a Bayeeian formulation and were able to simulate human performance for detection of a
signal in noise. Ths OCM has consicerable breadth and most of the studies have corresponding
validation data. OCM is clearly a performance model with parametars which represent workload
manipulations. Thess manipulations are of the form of amplitude, frequerncy, or phase lags in the
equations. As a resull, workioad definitions are as varied as the manipulations empicyed.

information Theory Models

Information theory ns appied o models of human activity achieved Iis height of popularity during the
1960's. A good general treatment of information theory can be found in Sheridan and Ferrell (1974).
Applications of information theory in psychology can be found in Attneave (1959) and Gamer (1962).
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Information theory provides a metric of the transmission of information through an imperiect
comimunication channsl. The inetric is stated in terms of the log (base2) of the nurnber of akematives
welihted by their probabyiities of occurrence. Infarmation transmission is a reduction in the number of
alterngtives which is expressad as a reduction of uncertainty. Two alternatives which contain common
iMormation are said to be redurant. The channel impertections are definec, for example, as noise and
limits of channel capacity which result in lost information (equivocation).

One of the first applications of information theory t¢ the workload domain was that of Senders (1964).
In this application, a model was used to describe the division of attention by an operator monitoring
intormation displays. R assumed that an operator, with a kmited input channel capacity, sampled each
information display at a frequency necessary 1o reconstruct the signal being presented on that display
within specifi: emor tolerances. The amount cf time spent sampling each instrument is summed over all
instruments to deisrmine tha fraction of the operator's time that must be spent observing. This time
fraction is used as a measure of visual worklkoad imposed by the information digplays.

The use of information theory i the analysis and estimation of workioad has been limited. Despite
some efforts (e.g., Crawford, 1979; Rault, 1976), applications in realistically complex environments are
difficult to achieve due to the necessity of a pricri establishment of the relevani simple and conditional
stimulus and response probabilities. Because information theory provides output with respect to steady-
state situations, it is not well suited for representing dynamic changes in workioad. The impact o}
information theory is probably most strongly felt through the adoption of its concepts such as iimited
channel capacity, information transmission, redundancy, and other concepts now contained in information
processing approaches to behavior (Garmer, 1974).

Queuing Theory Modals

Queuing theory models of human-machine interaction characterize the operator as a single-channel
processor sharing attertional resources serially among a variety of tasks. The human is conceptuaiized as
a "server” processing multiple tasks and “server utilization® or "busvness” is used as a measurs of
workioad. These models generally apply to situations in which performance times are critical. Within
quevning theory, performance times include both tha time it takes to execute varous tasks, as well as the
time that tasks must wait before being performed. Rouse (1980) provides a good discussion of queuing
theory and its appiication to human-machine modeling.

The emphasis in queuing models is more on when tasks are parformec. rather than how they are
performed. As indicated by Rouse, these models are most appropriate in multitask situations in which the
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operator must cope with task prionties and with performance requirements that vary among the tasks.
Using Jahns' (1973) categorization of workload (Chapter 2), queuing theory models are concerned
primarily with the input bad to the opsrator. A benefit of gueuing modaels is that fractional attention is
computed as @ function of time &nd aystem performance dynamics are taken into acccuit.

The queuing theory approach to wurkioad astimation is generally considered in conjunction with
Senders' analysis of monitoring tasks (e.g., Senders, Eikind, Grignetti, & Smal'wood, 19€6; Senders &
Posner, 1976). However, others such as Schmidt (1978), analyzing the workload of air traffic controliers,
ard Waliden and Rouse (1978), modeling pilot decision behavior, have also successtully applied this
approach.

Other Mathemaiical Models

The above sections have suggested the major applications of mathematical models to pradicting
workload. However, a variety of other modaking appreaches have been proposed, but have had Emited
uge in a workload context. For example, Moray (1976) discussed the use of Signal Detection Theory.
Signal detection involves asking A subject to deiect signals imbedded in noise. Delaction of a signal
when present is 2 true positive (correct) and detection of i signal when nons was progented is a false
notitive, (error). By varying the probiability of a signal actusilly prasent, it is possible to ;Jenerate receiver
operating curvas (RQC) which indicate both true signal datection and subject bias fcr false positives.
Signal Catection anzlogues have been developed arx used within optimai control tlieory (Levison &
Tanner, 1971); this application may be useful for predicting OWL.

~ Finally, White, MacKinnon and Lyman (1885) havs outined & model based on a modified Petri net
system for workioad estimation and prediction. The work was an attempt to demonstrate that the nodel
was sernisitive to workioad manipulations and achieved promising results. However, the predictive
capability of the model is still to be demonstrated.

Summery

The application of manual control theory 1o workload estimation and preciction is generally restricted to
environments involving contintous controliing taska. During that period when workload was practically
synonymous with vehicular cantrol, manual control models were sasily the most irteresting and promising
cless of techniques providing predictions to systemn desigrers. In the present day, these models may be
adapted to estimate measures generally associated with OWL, but the mathematical sophisticaiion
required to devsiop or even understand the models limits their applicabliity. Detalled system parameters
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must aiso be provided 0 exercise thess modetls fully; these parameters are frequently nct available during
early concept development. Consequentiy, manual control models are generally not viable for most
conceptual system evaluutions.

e poputanty of mathematical models seems to have waned. !nformation theory was most popular in
the 1960's and manual control theory and queuing theory predominated during the 1970's. Although
many of these models have exparienced considargble success within the domain for which they ware
intended, they sesem to have been supplanted in the 1980's by computerized task analysis and
simulation models. A major probiem with mathematical modeling is the absence of explicitly defined
worikioad parameters. Thus, while mode! outpuis may identity and quantify particularly busy periods within
a given time slice, or particularly high periods of infoymation transtfer, it is never quite clear how, or if, these
phonomena relate to high workload. This observation, it should be pointed out, is not restricted to
mathematical models alone and probably has relevance to most analytical techniques and methodologies.

There is always a place for a useful mathematicai model, aven if the mode! is not as broad as one woukd
like. An obvious and hopeful evolution woukl be that certain of these niathematical models, especially the
optimal control modei which can cover aspects of queuing formulations, might be incorporated into the
simulation models. it would centainly seem feasible to bring such models into simulations in a form which
more paople could use.

Task Analysis

Task analysis techniques have a iang history (Drury et al., 1987) and are the most commonly used of all
analytical tools for predicting workioad in the preliminary design process. This is partly due to the military
requirement for a task analysis to be performed during system development (MIL-H-48855B). It is a fairly
natural axtension from this requirement to derive OWL estimates {rom the task anatysis.

Task analysis methods seek (0 produce operator pericrmance requirements as a function of fixed
increments of time defined against a scenario background. The basic task analysis process begins with
definition of a mission scenario or protiie. Next, the general misslon requirements are systematically
decomposed into mission segments, functions, and operator tasks; the tasks in turn are decomposed into
detailed operator task element requirements. These elernentul task reguirements are defined as operator
actions required to compiete the task within the context of the system characteristics. Thus, the timing
and sequencing of operator actions will depend on the nature and layout of controls and displays. The
result of the analysis is an operator activity profile as a function of mission time and segment, essentially a
time-based analysis of performance requirements.
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Workiosd Definition

A natural consequence of time-based task analysis is to define OWL operationglly as time strass. Time
stross is expressed as a ratio of Time required (Tr) to perform a task over the Time a\/ailﬂble (Ta), viekding
Tr/Te. Workload situations of concem are, theretore, those which cause the operator to approach the
edges of the pertormance envelope, that is Tr/Ta approaches 1.0. This definition encompasses only one
aspect of workload: time stress. A technique incorporating such a definition is useful, but probably best
utilized as an initial coarse filter to identify gross design deficiencies and for cases in which the time
required for a task is well defined. Diagnosticity, in the time-liine tachnique, is imited to identifying general
functional imitations where demands exceed operator capacity to respond within some time frame.

Other approaches are more detailed in the analysis of tagks, further partitioning them into components
relovant to sensory channel or body pant (e.g., eyes, ear, hand, foot, etc.). Recent methods have
included & still more detailed analysis structure in an aitempt to identify types of cognitiva loads imposed
on the operator. However, these more detalled approaches still typically contain time stress (Tr/Ta) as a
major contributor in the estimation of workload. Nevertheless, diagnosticity improves by virtue of
identification of specific components that may be overloaded.

There are many variations on the basic task analysis structure. The differences will be clarified in the
discussions of each of the metheds. The models presented hera are intenued to he illustrative of the
class of information that can be integrated into the models and the nature of the results that can be
obtained. A review of many task analysis techniques may be found in Meister (1985).

Time-Based Task Anaiysis Ficcecures

Timeline Task Analysis. A recent application of the timeline analysis technique employing the
Tr/Ta metric is that described in Stone, Gulick and Gabriel (1987). They used this technique to identify
workload with raspect to specific sensory-motor channels encountered in overall aircraft operations.
Validation efforts are reported by the authors, with the results indicating that the procedure *...provides a
reasonably accurate index for predicting the time required to complete observable tasks within the
constraints of an actual mission."

Workioad Aasesement Model (WAM). The Workioad Assessiment Model was introducod as part of
a more comprehensive human-machine system design aid, Computar Aided Function-Allocation
Evaluation System (CAFES). WAM is intended to estimate the effects of altemate function allocations on
OWL (Edwards, Cumow, & Ostrand, 1977). In WAM, a mission timeline is developed which indicates what
tasks are perlormed duriry the mission and in what sequence thay are performed. The individual
sensory-motor channels (e.g., eyss, ears, hands, feet, etc.) that are involved in the execution of each task
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are identified. WAM computes the channel utiization percentage including the amount of lime that each
channel is occupied within a specitic time segment. Percentages over a specilied threshold level are
considered exceasive, and identity either tunction aliocation deficiencles, design inadequacies, or both.

A variant of WAM, the Statistical Workload Assessment Model (SWAM), aliows shifting excessive
workioad tasks in time n an attempt to rechice the workload level. This, in effect, is a rescheduling of tasks
to reduce time stress. Linton, Jahns, and Chatelier (1977) report one application ot SWAM. They
examined a conceptual VF/VA-V/STOL aircraft to determine whether a single pliot could manage the
aircraft and its avionics subsystems in defined mission phasos. The results indicated the potential single-
pilot operabiilty for the alroraft, but did not establisi: any validity measures for the assessment technique.

The time-Based Anslysis of Significant Coordinated Operations (TASCO). TASCO analyzes
tactical misgsion cockpit workioad using the standard time-based approach (Roberts & Crites, 1985; Ellison
& Roberts, 1985). The basic analytical componert of the method is the EDAM (Evaluation, Decislon,
Action, and Monitoring) ioop. Evaluation takes into account the impact of information display design. The
decision is made by the pilot based on training, experience, tactical doctrine and situatic . al awareness
appliea to the evaliation of the data displayed. The decision results in an action via the cockpit controls
which is then monitored to evaluate the outcome of the action.

Two types of analysis are performed in TASCO. The first is crewstation task analysis, which is a design
evaluation performed by an SME using a 5 point rating scale to judge design elements that are aspecially
crucial tu mission performance. The sgcond is a Busy Rate Index analysis, which is essentially a Tr/Ta
gstimate over a set time interval. How the above mentioned EDAM loops are integrated into these
analyses Is unclear, as is the current state of development of *he TASCO modeal.

Computsrized Rapid Analysis of Worklosd (CRAWL). CRAWL involves expert opinion
superimposad upon a task analysis background with two basic sets of inputs (Bataman & Thompson,
1986; Thomnson & Batermnan, 1986). The first set of inputs includes task descriptions generated by
SMEs on the propased system under study, along with SME-generated workioad ratings for four separate
channels - visual, auditory, cognitive and psychomotor. Additionally, the average tirne for task completion
and a short verbal description of each task are included. The second cet of inputs contains timing
information. inciuding the starting time for each occurrence of each task executed dusing the mission
segment. Overal! workload for each time segment is cornputed by summing the workload ratings for the
tour channels.

in an effort to validate CRAWL,, workioad estimates obtained while operaters flew a single seat simulator
were compared to CRAWL predictions of workload for six combat mission scenanos. Overall, an average
correlation of 0.74 was found between the predicted workload levals and pilot subjective workload ratings
obtained during the simulation study. The correlation '.«icates good agreement between the two
measures.
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Workloso index (WINDEX). WANDEX combines mission, task, and imeline analyses with theories
of attertion and human parfonnance to predict attentional demands in & crewstation (North, 1846). It
diters from other task analytical techniques by providing estimates of the effect of time-sharing loads
imposed by concurrent task demands. W/INDEX estimates workload demards 101 one-gecond segments
basea on individual task difficulty &nd time-sharing deficits.

W/INDEX oparates on the following data:
« Crewstation imeriace channeis,
*  Human activity list,

Attentioni involverant levels,
+ Intertace conflict matrix, and

L J

Operator activity imeknes.

W/INDEX was applied to three different conceptuel cockpit designs and wes demoinstratea to be sensitive
to design changes athough apparently not vaiidated against empirical stuciies.

The McCracken-Aldrich Approach

McCracken, Aldrich, and their associates have recently developeri a task anaiysis approach for
predicting OWL that does not rely soleiy on the time-based definition of workload (McCracken & Aldrich,
1984, Aldrich, Craddock & McCracken, 1984; Aldrich & Szabo, 1986). These authors atiempted to
improve the diagnosticity of workload predictions by identifying four (and later, five) behavioral dimensions
which contribute 0 overall workioad levels. They were aiso among the first to isolate expiicitly cognitive
workload demands. This approach has impacted other task analysis methods (e.g., CRAWL described
above) and simulation methods (e.g., Micro Saint, describad below). '

The McCracken-Aldrich methodology invoives performing mission and task anelyses that ganorate a
rough timeline (i.e., one without a strict time scale) of operator tasks. These tasks are further pariitioned
into elemental task requirements which, based on system characteristics, are used to generate estimates
of workload for up to five workioad dimensions (Szabo e: al., 1987):

« cognitive,
« visual,

« auditory,

* Kkinesthetic, and




+  psychomotor.

Workioad assessmants are made by assigning numarical ratings for oach of thu applicabla workioad
componerid. These ratinge represent tha difficutty or effert associated with perforining the task. it is in
the ratings that this technique ditfers most from other task analyses. The ratings are generated by
compiring verbal descriptors of the (ask eleinents with the verbal anchors idontified with each scale vaive.
The five workioad components are assigned acal values of one through 2aven (Szabo et al., 1837). For
example, during the post mission checklist of & helicopter, the copiiot performs the task of inspecting the
exterior of the aircraft. That task, in tum, requires that the copiiot "visually inspect each skie of the
girframe” (visual scale value = 2) and "evaluate the current status of the akirame for damage® (cognitive
scaie value = 2). The scale and verbal anv:hors for the cognitive componernt are presented for ilustrative
purposes in Teble 3-3.

Estimates of the duration of each task element Litimately are developed to construct a detailed task
timeline using one-half second intervals. Tota! workload is estimated by summing across concurrent task
elements for each workioad component, visual, auditory, cognitive, kinesthetic, and psychomotor, during
aach time interval. If this sum exceeds a threshold value, e.y., 7 on visual, then the operator is assumed to
be overibaded on the component. The frequency of overloaded intervals for each mission segment can
then be determined and the causative workload component identified.

Table 3-3. Cognitive workload component scale (McCracken & Aldrich, 1984).

Scale Value  Verbal Anchors

1 Automatic, simple association

2 Sigrvsignial recogniticn

3 Alternative gelection

4 Encoding/decoding, recali

5 Formulation of plans

<] Evaluation, judgement

7 Estimation, calcuiation, conversion

Hamilton and Harper (1984) proposed a modification of the McCracken-Aldrich technigue. Their variant
replaces the summation method of workload estimation with an interference matrix approach for detailed
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workload analysis. This matsix defines acoeptable, marginal, and unscceptable workload ievels for each of
four workload componants, A saries of ducision rules are then erapksyed 1o define whether or not entire
mission segments have acceptable, marginal, or unacooptabie worklond leveis. This tuchnique alleviates
certain interpretive problems concerning the Impliciiion of having, ‘or exemple, a total mission segment
rating oi 10 on visual tasks with a scale range of only one to scven. Valldation efforts with this technique
indicated that it is sensitive to task differences and reflected empirical pilo® opinien ratings obtained in
simulation studies. It 'wvas giso tound to precict slightly higher worioad retings than these obtained by the
empirical rating; this bias may be dasirable for desigh preyposes. ‘

Cognitive Task Anslysis

The idea that & more detailed task-analysia structure can provide increased diagnosticity is an important
one. Combining this idea with the fact of increased infhiencs of cognitive tasking leads {0 the approach of
detailed decomposition of cognitive workload into component types. This epproach has baen developad
and applied to selected aircrait systems (Zachary, 1981). As in more traditional task analysis, operator
tasks are decomposec and are Jrouped into four prinery cetegories: cognitive, psychomotor, motor, and
communicative/Anteractional. A mission scenario is independently devaloped with a variable timeline grain
depending on mission segment (for exampis, an attzck mission gegment may be decormnposad to second
by second events whoreas a retum-to-base segmant may be decomposed into five minute intervals).
Operational personnel then work with cognitive eciantists to map operator tasks onto the scenario
timaline. Next, woriiload invels ara assigned to each operator task as the scenario unfolds. Workload
ratings for the same task may vary depending on the mission segment in which it is performed.

in particular, the workload analysis is based nn a get of workload rating scales that describe five distinct
types of cognitive workload:
«  planning difficulty,
« pradiction difficulty,
* calkulailon difficulty,
* information procassing compie:ity, and
* information absomption compigxity.
Ih addition, eight other workicad scales are utilized in tha categories of: psychemotor (pointer movement

and writing), miotor (button-pushing frequency and keyset entry frequency), and inter:ctional (interruption
frequency, interruption magnitude, cominurication frequericy, and cornmunication complexity).
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Applications of this methodology for each time segment yiekis individual raiings on thirteen scaies and
averagad ratings lor the four Categories (cognitive, motor, psychomotor, and interactional), ac well as an
overall workioad (average of 13 measures). This promising methodology has besn recently applied to two
systeme - the P-3C antl-subniarine warfare tactical coordinator (Zaklad, Daimler, lavecchia, & Stokes,
1982) and the F/A-18 single-seat aircrart (Zachary, Zakiad, & Davis, 1887). Uittle formal validation has as
yat basr accomplished, aithough the effort is still ongoing.

Sumnary

Task analysis has demonstraied high utikty. The definitinne of workioad within the various task analyses
are not complete, but being based principally on time, they are clearly closely re’ated to perceived OWL.
Indeed, the criteria for most tactical missions rontain a ternporal component in the measury of
etfectiveness (MOE). And it is true, if a task cannot be done within the time requirements, ¢f what
importance is accuracy? For those situations in which time required (Tr) is estimated to be near or
approaching the performance envelope boundaries (Ta), additional evaiuations can and should be
performed to identify QWL components which may be adversely affecting performaice time.

!

Sanuistion Modoels

The application of simulation modele to the workioad astimation problem is conceptually an extension
of the traditional operator-in-the-inop simulation procedure. The major difference, ot course, is that the
simulation efort is expanded to include a simulated operator. Similarly, simulaticn may be considered an
extension of tark analysis. Within simulation models, differences among the models include: (a) whether
operator char: cteristics must be Cefined along with system and environmental characteristics or (b)
whether the operator model is included as pant of the overali simulation model. Meister (1885) and Chubo,
Laughery and Pritsker (1987) review simulziion modeis and thelr applications.

Good descriptions of the operator, system and operational environment are thea first prerequisites.
Given guch a model, the problem remains o define an appropriate workioad Index that can be used to
compare differences across tactical mirgions, system configurations or operationa! uses. In most
instances, a task loading index such as time requireditime avaliable is used. Furthermore, some simulation
models can predict not only operator workload, which Rself may or may not affect system performance, but
also system perfo mance for future comparison with empirical measures of effectiveness MOES).




Simulation ve. Task Analysis

The digtinction betwaen the task analysis methods and the computer simulation methods Is not always
ciear. Simulation models have been described as elat.orated task analysis methads with consideration of
the statistical nature of constituent slements. Most computer simulation models employ @ trnsk analysis as
part of the development effort, and most task analyticai methods are now computerized. The besic
distinction that is intended In this categorization is that the task analysis methods produce nperator
performance requirements as a function of fixed incraments of time defined against & scenario
background. Simulation models, in contrast, attempt to ropresent (simulate) operator behavior statisiically
within the system under study and produce measures of effectiveness for human-system performance. In
other words, running a computerized task analysls twice would yield identical answers. Rurning a
simulation model twice would not necessarily yiekd the same results due to different consequences of
branching staternents and statistical modification of task times and, where appropriate, performance
accuracies.

Types ct Models

Recently, Sticha (1987) has discussed two genera! types of modais to simuiata human performance.
According to Sticha, the dif‘erance botween these two existing classes can by stated in terms of the ways
in which the control of sequericing of the behaviors is accomplished. The first of these is a network
model. This approach controls the order direcily in & network by means of the way the analyst has
devaloped the procedﬁres ~ order is defined in the procedura. Network models are a combination and
amakjamation of a number of techniques: fiowcharts, program evaluation and review technique (PERT),
Markov models, decision trees, and reliability models. Tha second method of simulation is the production
rule approach. Production models control the erdering through a set of production ruies and through
these rules by the environment. Sequencing is indirecily inferrad by a set of rules which associate a
behavioral action with an environmental event. The actions are performed only when the environmental
conditions of the rules have been met ~ order is thus defined by the onvironment. There are no true
production modsils uged in workload, howaver, there are several hybrid models employing both the
network and the production rule approach. Sequiturs Workload Analysis System (SWAS) and the Human
Operator Stmulator (HOS) are examples of hybrid models. Although both classes of models may in some
situations produce identical results, they have ditferent capai:ties. in particular, Sticha points out that
procedural tasks are characterized by internal control whereas tasks involving the recall and application of
rules are driven by the environment.
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Slegel-Woli Network Models

The majority of simulation models are derivatives ¢f the network model developed by Siegel and Wolt
{10892). Clegel and Wolf models come in several variants involving the number of operators simulated.
The basic purpose ol the models is to provide an indication to developers about where in a proposed
system tha operators may be over-stressed or under-stressed. The models predict task completion times
and probabiiities of successful task completion. The variable that relates to workload is termed stress.
Strecs is caused by:

’

« failing behind in time on task saquence pstonnance,
* a realization that the operator's partnar is not performing adequately,

» the inability to successfully complete a task on the first attempt with the possible need
for repeated attempts, or

» the need to wait for equipment reactions.

Both ime and quantity of tasks enters into the stress definition. Note, however, that task quantity can be
racluced to time. Stress is typically calculated as the ratio of the sum of the average task axecution times to
the total time available. A task difficulty factor has been included in recent model developments (Meister,

19885).

Input to the network model! { ypically consists of 11 date items for each subtask and operator (Meister,
1985). These are shown in Tabla 3-4. There are many sources of the necessary data, including detailed
task analysis, but the major source is direct questioning of subject matter experts (SMEs). The type ot
data input is usually not sensitiva to design changes within a spacific type of system component (e.g.,
dials), but can difierentiate between diiferent types of components (e.g., dials vs. status lights). Model
outputs include a number of performance measures such as number of runs, average run time, number
and percent of successful runs, average, peak, and final stress, and several others. The primary uses for
these models ara for the coarse prediction of system effectiveness and design analysis. Siegel-Wolf
models are typically used for discrete task modeling.

SANTMicro SAINT

An important extension of the Siegei-Woli model iz called the System Analysis of Integrated Networks
oi Tasks (SAINT). SAINT, along with its microcomputer version Micro SAINT, is actually a task network
simulation language. It contains a number of process branching niles, multiple distributiuns for modeling
individual task operations, and a Monte Carlo sampling procedure for determining task execution. As a
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peneral pumpose simulation language, # proviaes a framework and contains fittie implick information toward
a developed model. This means that operator, systam, and environmental characieristics must be
enered by the mowvler. Mcro SAINT provides a menu-driven intsitace to tacilitate this devalopment
efiart  SAINT = nnderying approach fo estimating tvorkioad is the same s the Siegel-Wolt models. SAINT
defines stress &s the ratio of time raquired to complewe a task o the time avaliable (Tr/Ta). SAINT canbe
used to model both discrete and continuous tasks.

Table 3-4. The eleven data nlements required for each subtask and operator for Slegel-Wolf Models
(from Maister, 1985, p. 125).

1. Decision subtasks,

2. Non-assential subtasks,

Subtasks which must Le completed betore it can be attempted by
another oparator,

Timn before which a subtask cannot be started,
The subtask that must b~ performad next,
Average 1ask duration in saconds,

Avarage standari deviation of task duration,
Probability of being successtul,

Tims requiced for all remaining essential tasks, and
Time required for all remaining non-essential tasks.

@

i

- O

Micro SAINT has been used in conjunction with a separate workload estimation methodology.
Laughery et ai. (1986) used Micro SAINT to predict OWL in four akemative helicopter cockpit dasigas
using a model which incorporated characteriatics of the operator, a helicopter, and the threat environment
as task networks. OWL was assessed during the Micro SAINT simulation following the technique
developed by McCracken and Akdrich (1984). The use oi the McCracken-Aldrich task analysis required
the assignment of workload requirements for each of five workload components — auditory, visual,
cognitive. kinesthetic, and psychomotor dimansions ~ for each operator activity. Thus, each task is
characterized vy its requirements for each of the components. Ovarell, workload could then be assessed
for tacks executed individually or in combination if executed concurrently. Workload was assessed at 2-
second intervals in order to track it through the simulated mission scenario. The results demonstrated that
the methodology was sensitive to variations among the heiicopter designs, and that specific components
overioads could be identified. Tho authors report thai total development and execution time was on the
order of 10 weeks, although subsequent development times can be substartially less. This integration of
network simulation with more robust and diagnostic workload prediction methodologies is a promising

devalopment.

57




Simulntion for Workicad Assssemens and MNanning (SIMWAM)

Ancther ralated simulation methodoiogy is calier the Sknuisticn for Waridoad Asseasment and
Manning (SIMWAM) (Kirkpatrick, Matone & Andrews, 1984). SIMWAM s based on SAINT and the
Workload Assessment Model (WAM) (Edwards, Cumow, & Ostrand, 1977), ik has been developad o
make R aspocially sultable for examining manpower issues, as well as individual cperator workioad, in
complex multi-operstor systems. SIMWAM hes been used 10 assess workicad and manpower issues for
an aircratt carrier's aircraft operations management system (Malone, Kirkpatrick & Kopp, 1988).
Specifically, the SIMWAM spplication focused on the effects of iIncorporating an automsted status board
(ASTAB) into the existing system. The acenario involved 35 shipboard operators engaged in ths launch-
recovery cycle of 25 arcaft. Two workioad essessments were mado: one on the cxistirg bassline system
and another with the proposed ASTAB. The results of the analysis indicated thet the introduction of
ASTAB would allow a reduction in the number of required personnal by four individuals. That conclusion
was based on the worldoad having been reduced 5 near revo for thete four individuals, where workioad
was defined by number of tasks they performed ani the amviount of time that they wers busy (i.e.,
occupied with tasks). Also, the number of operstors who wera heavily loaded (L.9., busy at lsast 75% of
the time) was reduced by one half. Thus, SIMWAM provides a basis for predicting the impact on
manpower requirements of proposed system mocificaticns. Such resuls are especially meaningtul 1o

program managers.

Sequiturs Workioad Analysis System (SWAS)

Sequiturs Workload Analysis System is a hybrid modal incorporuting festures of both types of models,
network and production techniques, as discussed in the introductory section on simulation modeis.
(Holley & Parks, 1987). In contrast {0 the neiwork models discussed above which are performance
simulation tools, this model has besn deveioped specifically for wirkioad analysis. The definition of
woridoad is the by now familiar time required over time available (Tr/'Ta). Success is defined sirictly in ierms
of the Tr/Ta ratio.

SWAS contains a structured helicopter task database, organ'zed according to task categories which in
tum are brmken into task biocks containing lask slements. (This task analysis follows requiremsnts in MiL-
H-468558.) Each tack element in the database has ten attricutes including the mean tims and standard
deviation, and ditferentiation of discrete and continucus tasks. It aise has buiit in assumptions about the
organization and functioning of behavior, following the Wickens (1964) resource model. This mode! piays
a major role in the organization, sequencing, and resource time-gsharing of task elements as well as
modification of performance times. (See Navon [1984] for a critical review of the resource model.)
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Addionalty, SWAS contains & Mathods Tirne Maasurement (MTM) moduld which is used to assist the
uaer in producing meen performance times. Finally, cquations are Uik in 10 adjust for types of clothig
and individual ciffercnoss (on & tcale from 1 = good 10 § = bad). Both means and standard devistions are
adiusted in & multiplicstive manner i7 the squations.

The mode! has reosived several validation studies ai Bell Holloopter comparing the simulation resutts
with results from operator-in-the-loop studies using both simulation and actual flight of a singles piiot
helicopter. in theae studies, emor rates predicted by SWAS differed from operator imes by 1% to ¢%
(underestimate).

Human Opensior Ssraiator (HOS)

The Human Operator Simulator (HOS) is a simulation model using an approach ditferent from the
Siegel-Wolf models (Wherry, 1989; Lane, Strieb, Glenn, & Wherry, 1981, Haris, Gienn, lavecchia, &
Zaklad, 1986). The original HOS approach was based on four assumptions:

« Human behavior is predictable and goal ofiented, especially for trained operators.

+ Human behavior can be defined as a ssquence of discrete micro-events, which can
be aggregated to expiain task performance.

* Humans can time-share (switch) among several concurmentily executing taske.
«  Fully trained operators rarsty inaka ermors or forget procedures.

The impiication of these assumgtions is that the model is deterministic, that is, the outcomes of operator
actions are derived from functional relationships formed as equations rather than by sampiing from a
probability distribution.

The Isiest version, HOS-IV, is a general purpose airulation facility that provides the capability to predict
system performance by dynamic, interactive simulation of the human operator, the hardware/ software
sysiem, and the environment. HOS-1V is implemented on a microcomputer (IBM PC-AT) (Haris, lavecchia,
Ross, & Shaffer, 1987). HOS-IV contains an enhanced user interface to assist in defining, executing, and
analyzing the simulation. The HOS-IV user can bulld independent modeis of the snvironment, hardware,
and operator to the desired level of detall using a top-down approach. Operator tagk times can be crudely
estimated and entered into the simulation or tasks can be decomposed in order to utiize the set of basic
human performance micromode!ls resident in HOS. For example, a target recognition task could be
modeled coarsely by merely specifying a time estimate for the overall recognition process. Alternatively,
the recognition task could be decomposed into micro-events such as an eye movemen followed by a
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visuzl perception followed by & decision. In the latter cass, HOS-IV would detentine the time required to
compiete the task.

HOS-IV contains a lbrary of human performance micromodsis that can be used o sinilats the timing
and accuracy of particular human behaviors. The core sei of micromaodsis aro &l based on sxpetiraiital
literature and can be Socessed by the user. The micromodals include. oye mavemdint, visual perception,
decision time, short-term memory, listening and speaking, fine-grained contro! maripulation, hand
movement, and waking. These micromodale can be easily modified or ceplaced antirely.

Models of environmant, system, and operator are defined with the foliowing ssmulation bu.iding biovks:

» An object detabase containing hames and characteristice of the entities to te
simuiated (for example, Emitters, Radar, Display=, and Controis).

« A setof rules which start an action when conditions are appropriate.

¢ A set of sequentiai actions required to accomplish a8 procoss. The process can be
defined for the environment, system, or operator. Operator processes can utiize
human micromodeis provided by HOS-iV.

« An opiional set of everts which define extemai occurrences that afiect the simuiation
fiow at predetermined times.

The result of ihe simulation is a detalied imatine of operator, bz l:v2ra, and environmental events and
actions which can be summarized and analyzed for a broad variety o/ purpoges. Standard output analyses
are available which provide statistics asgociated with performing tasks, subiagks, and basic behaviors. This
includas the number of times a micromodel is executed, the mear: and standard risviation of tha time to
complete a process, and the percent of sinlation tirme spert on each process. Additionslly, the user can
define and access information or system measiires of effactiveness.

Lane et al. (1981) identifiod a number of applications and validation efforis over a wide range of
systems. Generally, the rasults have been very favorable. HOS atlows a vary detalled model 10 be
developed, providing & greater dagree of diagnosiicity than other simulation models. HOS s probably
more appiicable as a follow-on analysis alter less ~‘etailed analyticai techiniques hevo boen used to retine
the systam design.

Model Hunan Processor (M)

Card, Moran and Newall (1983, 1966) have developed a potentially powerful collection of ricromodels
collectivaly called the Modsi Human Procassor (MHP). Via the MHP, they have established a framewoik
for presenting data contained in the human performance literature in a manner which will make it more
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accessible 10 those invoived in the ongineering design process. They pantition human behavior modaels
acconding to their application 10 the perceptual, cognitive, or motor systems, and focus on simplsr, more
widely applicable modals that capture the pradominant characieristics of a problam. Models auch as these
wan be used to define limits of operator-system efiectiveness to any scope tequired. The MHP
minromodels are currentty only described in the iterature. Scme of the MHP madels, however, have been
dlrectly incorporated into the HOS library and sre accessible to sirulation modelers. Furthar work in the
development and application of human performance models is required. MHP has proven a fruitful mede!
for analysis of computer interieces, not covered by cthur models (Card, Moran & Newsll, 1983).

Smmwy

in recent years, a number of new simulation tools have heen developed. Simulations offer a unique
opportunity te avaluate both time and accuracy of periormanca. There is a cost, however, for gaining the
accuracy evaluation and that is the additional time required for developing the simulation. Howaver, thig
may ba a amall prics to pay in the context of overall system development costs.

For the most part, more uger friendly versions of simulation models have been developed in the last
several years. As additional moduies and computer tools are developed and more complete databases
are built, simulation techniques will move to the forefront of analytical workload techniques.

Overail Summary anc Concluding Commernts

Analytic techniques can be used to make predictive workload assessmenis early in system
development. An important characteristic of these techniques is that they may be used before thero is an
“operator-in-the-loop.” Therefore, workload predictions may be available to hava impact on early system
design.

Analytic techniques can e divided into five major categories:

« Comparison,

« Expert Opinion,

* Mathematical Models,

« Task Analysis Mathods, and
« Simulation Models.
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This analytic technigue taxoncmy provides a useful structuro in which to classity workioad assessment
tools that can be used while systeim concepts and aliematives are baing explored. The categories of
techniques described require ditferent information end specilic techiniques may be more appropriate for
answenny different kinds of questions.

Some of the analvtic techniquas have not yet been systematically formalized or jully validated (e.g.,
comparison). Further work shouki be done to develop these techniques for workioad assessment that
can be used very early in conceptual developtrent and system dasign.
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CHAPTER 4. EMPIRICAL TECHNIQUES - PRIMARY TASK MEASURES

Overview of Empirical Techniques

With this chapter, we begin the review of empirical techniques used to measure operator workload. As
discussed in Chapter 2 and illustrated in Table 2-1, we divided empirical techniques into four major
categories:

« Prmary Tasks,

« Subjective Methods,

+ Secondary Tasks, and

« Physiobogical Toechniques.

Each of these major classes of measures has been researched extensively and we have provided an
overview of a nurrber of studies in each category. Further, each of the categories has distinctive features,
especially in the context of workload definitions, and these features are manifested in the literatura. We
have sought {0 capture these distinctions and differing flavors in our reviews, and accordingly the review
for each category differs both in the approach to the lterature and organization.

I our discussion of OWL. assessment techniques, the overall intention is both an analysis, especially in
the context of sensitivity and diagnosticity, and an integration of the literature. The objective of this
integration is to provide practicai guidance for designers, developers, and evaluators of systems. It is
recognized that the individual who should be concerned with human workload issues canriot wade
through hurdreds of studies t¢ obtain OWL assessment guidance. Reasources are very limited and
should be expended largely performing the OWL assessment, not leaming about workload research.
Thus, each class of OWL techniques is reviewed with summasies and recommendations provided.

A Summary Evaluation of Empirical Techniques

Because of the amount and variety of material to follow, a summary evaluation of selectad techniques is
shown in Table 4-1. The entries in the table represent the authors’ considered judgments on the
sensitivity, cost and effort, and diagnosticity for a number of the techniques to be discussed. The
techniaues shown in Table 4-1 were judged on a basis relative to all the other measurement techniques,
not just within their own category. Algo, the techniques were rated independently for each of the three
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critoria. (The authors of this volume have coliectively worked with virtuglly every technique in the table.)
Please note, it may be better to use a techniqus rated ‘Low ‘an nc tachinique at all. Although relative
judgments have been attached to these techiniques, all tachnigues can s/l be used 1o obtain information
regarding OWL. In addiion, as & polrt made throughout this repeit, multinie measures of workload should
be used 1o obtain more complete information regarding potentlal und exinting OWL problems.

Table 4-1. Summatry of empirical techniques judoed for sensitivity, cost, and diagnosticity.

~ Cost/Effort
Technique Sanskivity Flequirements Diagnosticity
Primary Task Msasurements
System Response Low/High! Low Cont Low
v Modergte Effor:
Oyperator Response High? LowModerate Moderate/High
Maderate Effort
Subjective Methods
Analytic Hivrarchy Process  High? Low Cost Moderate2
Low Effort
Bedford High? Low Cost Low
Low Effort
Cooper-Harper High for Low Cost Low
psychomotcr Low Etffort
Modified Cooper-Harper High Low Cost Low
Low Effort
NASA-TLX High Low Cost Maoderate/High
Low Effort
SWAT High Low Cost . Moderate/High
Low Effort
Psychometric Techniques High Low Cost Low
Low Effort
Interviews Varios Low Cost Moderate/High
Low Effort
Questionnaires Varios Low Cost Moderate/High
Low Effort

1 Varies with workioad

2 Represents some uncartainty about sensitivity and diagnosticity due to limited research.
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Table 4-1. Summary of empirical techniques jJudged for sensitivity, nost, and dlagnosticity (Conu.).

Cost/Eftart
Technique Sengitivity Requiremants Diagnoaticity
Seocndary Yasks
Embedded Secondary Task  High Low Cost ModerateHigh
Low Effort
Choice Reaction Time Moderate Moderato Cost Modasrate
Low Effont
Stemberg Memory Task (Aoderate Moderate Cost Moderate
Low Effort
Time Estimation Task Moderate Moderate Cost Moderate
Low Effort
Physiological Techniques
Blink Rate Low Moderate Cost Low
Moderate Effort
Body Fluid Analysis Low Low Cost Low
Low Effort
Evoked Potentials Modsrate High Cost High®
High Etfort
Eye Movements & Scanning High High Cost High3
High Etfort
Huart Rate Moderate Maderate Cost Moderate
Maderate Effort
Heart Rate Variability Moderate Moderate Cost Modarate
Moderate Effort
Pupil Measures Modarate High Cost - Moderated ~
Moderate Efort
3 The rating applies within a narrow, specialized range.

The sensitivity rating reflects the relative abilily of the measure to discriminate among ditferent levels of
workload. The cost and efiont requirements refiect a judgment of the overall resource requirements
including personnel, time, effort, and equipment. The diagnosticity reflects the usefulness of the
measure in pinpointing the processes involved in high workload.

As will be seen bslow, primary task measurement has scme interecting properties that cause sensitivity
fo vary with workload. Although relative judgments have been made regarding secondary tasks, there is
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uncertainty as to their sensitivity and diagnosiicity outgiie of the aviation environments. For those entries
with more than one rating, the judgmeits are intended to refiect the range of sensitivity or diagnosticity.
Thare are several arsas whers insufficlent information exists to make & judpmsrd, although preliminary
findings suggest the degree of sensitivity or diagnosticity; theee uncertainties cre marked. A few entries
reflect the variable nature of the measurement technique depending on specific situations; these are also
marked.

Video recording of operator performance is a useful tool in OWL assessments, but can not be easily
placed in a table such as the one presented. it can be used as an imporiant, practical smpirical method
and should not be overlooked in developing empirical measurement procedures.

For primary task techniques, there are a very large number of specific measures that have been used ~
neariy every situation requires its own measures. Because of this diversity, theoretical and conceptual
analysis is very important. First, wa have classified primary task measuros into system perforrmance and
operator performance measurss. Then, the development and selection of unique primary measurements
is considered. Primary task measurement i covared in this chapter.

Subjective methods research Is very different. The eamphasis is on assessing the operator's
experiences and the amount of subjective effort expended. Most OWL research is concerned with
subjective rating scales, but there are a relatively small number of these scales in wide use. Accordingly,
our ravisw focuses on these scales in detail and analyzes the comparative festures of the rating scales.
Subjective techniques are covered in Chagter 5.

For secondary task techniques, the situation is somewhat similar 10 primary task techniques in that a
great many individual measures hava been used; however, a substantial part of the research has utilized a
limited number of techniques. In our discussion, wa have examined some underlying thaoretical issues to
the use of sacondary tagks. These issues revolve around attempts to assess re'sldual capacity or o fill and
load than residual capacity. Qur review and analysis takes the point of view that real systems are multitask
environments and that the secondary task paradigm is most effective in that context. Chapter 6 covers the
secondary techniques.

Finally, physiological techniques represent a different class of techniques. In particular, these
techniques generally require specialized expertise, extensive equipment, and procedures sometimes
difficult to perform outside the laboratory. We have provided some background and rationale for the use
of these techniques, tachniques that probably assess activation or arousal. Chapter 7 covers the
physiolopice! Giass of techniques.
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Primary Task Meusurament

The goal of systam dsvelopment is to produce a systam which reliably achieves its mission. The
operator is an important part of the systam. System performancs is a combination of oparator performance
and the hardware system and is reflected in meeting the missicn goals. It Is the operator's task by means
of decision making, integration of information, manipulation of controls, etc. to guide the hardware toward
successful conpletior of the mission. The system responds to the oporator's commands. Thus, it Is
reasonable 10 talk about tvu kinds of performance: the operator and the system. A statement about
operator parformance is mearingless uniess system performance is aizo accepiable. Accordingly, there is
& need to measure both.

OWL, as was discussad in Chapter 2, is not the same as performance of the operator cr the system.
OWL was defined as the relative capacity to respond. OWL arises as the irteraction betwsen the operator
and other system components during mission axecution. Workload avaluation assessas this interaction,
i.e., the contribution of the cperator to the system and the impact ot the hardware and other situational
components on the operator. Sisled differently, workioad evaluation assesses the location of the
operator within the workioad envaiope. Tne approach to assessing OWL is by means of primary task
measures.

Primary Task Definlition

Even though it may sesm surprising, & is not always clear what is meant by a primary task. In flying or
driving, the primary task for the operator is to keep the tubber side dcwn, that iz, operate the vehicle in a
manner that will maintain proper vehicle orientation. But the operator may have other important functions
within a mission. Communications is often considered a secondary or subsi_dlary task. However, if an
aircratt is performing a scout fuiction, accutate and timely communication would be of utmost importance
to the mission. Similarly, what is a copiloi's primary task? In some helicopters, the job is designated as
Copilot/Gunner. At least by the dasignation, the CopiloVGunner has two primary tasks, and he may also
have to handle communications. Thus, here and in other easily developed examples, the operator may
have ceveral primary tasks.

During the course of a mission the emphasis on various operator tasks will change, that is, the priorities
associated with one primary task will change in relation to another. What is labelad as the primary task inay
change depending on the specific situation and where the operator is in the overall mission. For example,
most investigators analyzing a mission have seen the need io divide the mission into segments to capture
the flavor of the different task emphases and priorities. Further, the label, primary task, is sometimes
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simply a definition aseigned by intereatad analysts, such gs a workioad evaiuator. {This definitional issue
wili arise again in Chapter 6 when consideration of secondery tasks s discussed.) In some cases, the
detinition is clear, }a othor cases howevar, it may seem somewhat arbitrary. For these reasons, it is better
to think of multip'a tasks rather than a single primary task. i short, orie naeds to evaluate several tasks
coupled wiih the priorities associated with those tasks and not just a single primary task. We are going to
discuss primary tasks in @ general way and as though the dafinition were always clear.

Prirary task measures ere important as part of a batiery of workioad measures. However, it should be
pointed out that this position is not triversal. Some authors {e.g., Hart, 1988a; O'Donnell & Eggemeier,
1986) state that primary task measurerment may not be useful in workioad assessment. Certainly, there are
many exampiés where this is true. However, the vary fact that the results appoar to be contradiciory
suggests that further analysis and clarification Is in order. The following discussion provides the necessary
clarification.

Priinary Task Measurement Types

Primary task techniques may be categorized into two broad types. Type 1 includes thoce measures
which are of the system and contain a contribution in some form (sometimas unknown) of operator
performance. For an instrument landing task, glide slope and locakzer errors, often measured using root
maan square (RMS) or atandard deviation of relative position, are of this type (Wierwille, et al., 1985). Type
2 measures, by cortrast, are a mors direct index of operator performance, often finer-grain, fine structure
measures that reflect strategies adopted by the cperator to cope with task demands. For the landing task
example, this couid be the number of control movements per unit time (as measured at the stick or
column, not at the aircraft control surfaces).

To understand the importance and implications of this classification. let us consider again the
relationship between performance and workload shown earlier in Figure 2-1. Figure 4-1 is a replot of
Figure 2-1.

* [Region 1 -~ the operator's load is 1oo low. (Thig region is not discussed ‘n this report).

* Region 2 - the operator's load is not excessive, becausa acditional resources can
and may be mustered tc ™aintain performance, and the performance level is held
relatively constant and high.

* Region 3 ~ the oparator's load has become excessive. In this ragion, the load

increases well beyoend the operator's capability for compensation, and performance
levels become asymptotically low.
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Figure 4.1. Hypothetical effect of workioad on sensitivity of Type 1 and Type 2 measurss.

These response regions provide a framework for understanding where Type 1 and Type 2 primary task
measures are sensitive to workioad. Sensitivity is a critical issue with primary task measurements. Type 1
will be sensitive in Region 3, whereas, Type 2 will be more sensitive in Reglon 2 as well as covering

Regicn 3.

Type 7 Measures: The System+Operator. Type 1 measures of primary task performance are indices of
system+operator performance. Typically, they include measures of human tracking emors or other
measures of systemn performance (e.g., Wierwille et al., 1885). However, measures of system
performance such as engine thrust, RPM, movement of control surfaces couki be classified as a Type 1
msaasurement, since changes in thrust, for example, reflect operator acdvities plus system lags. Similarty,
any measurs of effectiveness (MOFE) for mission performance would ordinarily qualify as a Type 1
measure. Type 1 measurus were an initial focus of workload ressarch, no doubt because of their
association with the quality of system performance (Sanders, 1979; Williges & Wierwille, 1979). This
category of measuras proviies an index of system performance (MOES) and s useful in this regard.

Type 2 Measures: The Operaior. Type 2 measures of primacy task performance are defined here
as those which assess the nature of operator parfermance directly (Hart, 1986a). The measurament can
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take sovera! different forms: a measure may be cirected at quaidtity, fraquancy, or quaiity criteria of
operator performance. Type 2 measures may also be directed toward detecting the fine stiucture of
operator performancs, l.e , those that ink operator activity to measurable performance (Hart, 1985a). In
general, the category includes such measures as: (8) cortiol movements per second In a psychomator
task, (b) responss times in a percepiual or cognitive task, (c) arrors of omission, (d) errors of commission,
or () communications responsa times in a communications task (Wierwi'le et al., 1985). The very reason
Type 1 measures are insensitive is also the reason Type 2 measuras are sensitive: As the operator copes
with workload and under increasing load marshalis greater resources to hoid Type 1 performance
constant, the operator may perform ditferently and pattems of performance may change and fine structure
tends to shift. Typo 2 measuras are va'uable bacause these? shifts may provide evidence of a change in
OWL. and hence provide a means to assoss OWL levels,

Comparison of Type 1 and Type 2. Several studies have used Type 1 measurements in parallel
with Type 2 measures. For example, O'Donnell and Eggemeier (1986) discuss a study by Schultz, Newell
and Whitbeck (1970) which showed increases in turbulence had no effect on glide slope error {Typa 1).
Similarly, Wierwiile et al. (1985) did not find significant effects of task ioading on giide slope error.
Howaever, if one examines the frequancy of control inputs for whaei, column, or throttle (Type 2), there is a
clear effect of turbulence on frequency of controi movements in the Wierwilie 9t al. study and in two other
separate studies by Dick (Dick, 1980; Dick et al., 1976). {In the Dick studies, pilot ratings of handling
quality ranged from 3 in a no turbulence condition to 7 in a high turbulence conviition and there was no

ettect of turbulence on glide slope emor.)

Sanders, Burden, Simmons, Lees, and Kimball (18708) tested nine helicopter piiots on each of three
levels of stabilization augmentation (for yaw, pitch and roil) during hover. Altiiude control was uncer
manual control for all three conditions. Thus, the stabilization device should facilitate altitude control since
less effort would be expended on the other dimensions. Type 1 measurss did not show any effect for the
three levels of stabilization augmentation or for altitude control. In short, system performance did not differ
for the three conditions. By contraet, Type 2 measures for Fore-Aft control and pedal movements for
gltitude control showed significant variations with both fewer movements ano smaller magnitude of
moverment with the stabilization augmentation devices operational. Other Type 2 measures did not show
an effect. (Of interest, averags pilot ratings only ranged from 3.1 to 4.3 for the thre2 conditions, showing a
relatively small subjective spread among the conditions.) In accordance with the Type 1 - Type 2
distinction, Type 1 measures were insensitive while Type 2 measures were sensitive to variations in
variables that aftect workioad.

Summary. Atthuugh we have cited orly a few studias, the genaral statement can be made that
Type 1 measures of system+operator are not often sensitive to workload manipulations, however, they

are important in system evaluation considerations. Type 2 measures ot the operator directly generally
show effects on relevant dimensions; relevant dimansons being thcse measures one woulkd reasonably
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expect to show a differance as in the Sanders ot &l. (1978) study. Type 2 measures are essential for
workload avaluation.

Enhancing Type 2 Measures: The Fins £ nuciure of Behavior

Some Investigainrs have quastioned both the sensitivity and the diagnostic capability of primary
measures. Howevar, as shown above, when one makes the distinction betwesn Type 1 and Type 2
measures, it is clear that Type 2 primary measures are sensitive. Furtharmore, ff is possible to enhance
sensitivity and oftan diagnosticity by examining the fine structure of behavior. This enhancerment can be
an especially valuable approach, because ‘imw and money are aimost always kmited. Some ideas are
develuped below which provide background for praciical apphication of such measures.

Many of the primary task maasur.s shown 10 be espacially sensitive to workicad varations are indicators
of strategy shifts (Hart,1986a). While some investigators have avoided the strategy interpretation, the
results reported seem to be consistent with the ideas being developed here. (See O'Donnell and
Eggemeier [1986) for additional studies in this category.) Strategy is widely used in describing behavior
and the term without restriction encompasses t00 many types vi aclion descriptions including style, S-R
mapping process, etc. Accordingly, we will use rule as a more neutral, aasily defined, and precise term.
This usage here has parallels with the idea of rules in producticn models of behavior (Card, Moran, &
MNewell,1983). Rule driven performance changes also proved 1o be sensitive to manipulations of load for
many of the technique.. «nd measures investigated by Wierwiile et al. (1985).

A brief digression. Ir. order to draw out the value of Type 2 measures fully, it is appropriate to
ronsider what is meant by rufe driven performance. in sore sense, one could argue that ali behavior is
rule driven. There are global rules which might involve survival, for example, and there are more detailed
ruies. What we are interested in primarily is the fine structure of rule driven behavior. Identification of rulas
is done by inference from detailed examination of the performance maasures. Accordingly, measurement
should be done with ¢are $0 as to permit the correct inferences 10 be made.

A hypothetical simple visual discrimination task wil illustrate a detailac example of rule driven behavior.
In this experiment, the stimuli are purposely picked and will be either an H or an ', since they diffar only in
the crocs bar. They will be presantec at the same point in space (and all other conditions are contrclied).
When the H is presented, the operator is 10 push the left button to indicate M« response; when the N is
presentegd the operator wili press he right button. The experiment is performed, but the operator is not
informect about the fact that his reacticn time is also being recorded in addition to accuracy. After
completing the data ccliection for this task, the operator is asked to do the experimeri agair. “or this
second case, however, the operator is lold about recording reaction time 2D the operator is tokd to
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respond as fast £s possibie. To continue our hypothetics! examnple, after having fliighed the second task,
the operator is asked 10 do H yet a thitd time. The oparator is tokd that the performance on the second
cass conained 100 many errors and conssquently the operstor should s more aocurate, et reaction
tima will again be maasured in this third case.

What would the collective results of such an experiment show? First, the average response time would
be difiarent for sach of the thres experiments. The second case wouid be the fastest, the third case the
next fastest, and the first case the slowest. Second, the accuracy would also ditfer with Case 1 bect and
Cuse 2 worst. Specifically, the paiiern of performance is ditterent for the three cases. Why? Basically,
because the nperator was working under thres differemt sets of instructions or three sets of rules. These
rules might by, in order of sxecution the casas above:

Case 1. Do tho visual dscrimination as sccurgtely as possible: Time is not a factor.
Cuse 2. Do the discrimination as fast as possible: Accuracy Is iess importan than time.

Case 3. Do the discrimination as fasi and accurately as possible: Accuracy and tirme are
of equal imporiance.

The time-accuracy tradeoff is a wel! known phenomanon in the reaction time Kterature (e.Q., Posner,
1978; 1986). Howaver, there is a catch - not all people use all of the rules or in the manner logic would
dictate. Unless the instructions are explicit, any of the three rules may be usod depending on ths
individual. Only whei the conditions are changed by instruction or by a situational demand, is it possibie
to determine which of the rules were used, that is, several levels of a worki~ad variable need to be
included. A further raquisite 1o discovering the ruies is the measurement of iwo componen:s: of behavior,
time and accuracy. Without both measures, the discovery of this uncerlying rule structure would be
difficult. Additionaily, had we measured it, we might have found that the forco appiied to the response
buttons ditfered for tha three cases as well. This, and other measures o bohavior, could provide
additional infermation about the tine structure of operator behavior. '

Applicatios; o! Fine Structure Measurss. The process of identifying fine-structure and rule-related
measures for Army systems may be lilustrated with a hypothetical example (patterned after the
communication task experimerts of Wierwillo ot al. {1985]). This communication task approach has been
shown 1o ba sesitive 10 workdoad manipulations in another context (Grean & Flux, 1977). These rules wili
be executed according to perceived time deinands. That is, an assunption is snade that ths operator will
not perform at a ruie higher than the situation demands. These hypothetical rulec might be:

Rule1. K TIME IS AVAILABLE then DO NORMAL communications pace.

Rule2. TIME 18 SHORT then SPEED UP speech rate
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Ruled. TIME IS CRITICAL then SHORTEN messages.

Ruled. W TWE IS VERY CRITICAL.  then DELAY or ELIMINATE non-essential
communications.

Arplication of these rules by the operator would have iinportant implcations on performance and
simultaneously reflact changes in workioad. The types ¢f changes in performance one would expect for
each of the rulas are as follows:

Rule 1 performance.  Normaily paced performance. Thig forms a bassline against

which o compare other parformance characteristics under other
rites.

Rule 2 performance.  Quicker response than Rule 1 and/or massage compacted Into a
shortar tims. A fevw eors of omission.

Rule 3 performance.  Fewer words in message than Rule 2, rafe of speaking similar io
periormance with Rule 2. Possible errors of omission.

Rule 4 performance.  Few words in megsage and spoken fast as compared with Rule 3,
less essential messages omitied or delayed. Both errors of

commission and omission.

Some Previous Studies. Many tasks can be digsacted in this way and anticipated oparator
performaice rules established. The exact types of performance rules and associated changes will difier
withi ihe siwation. For instance, pilots wil make mors control movements on the stick (and/or wheel) and
possibly throttiz under heavy turbulence conditions than under light turbulence conditions. However,
just bscause one observes a change in the performance measure, one cannot necessarily conclude that
workload is higher. Use of an autopilot with manual throttis, is certainly 2 lower workload condition as
compared with total manual control; nevertheless, the number of throttle changes increases substantially
under the autopilot mode (Dick, 1280). Indeed, this difference represerits a rule driven performancs
change, but not one caused by increased workload; the overall pattermn of performance measures is
neeced to identiy the reascns for this finding. Similarly, a reduction in performance may reflect fatigue
more than workload per se (Angus & Helsgrave, 1983). ‘

Bainbridge (1974. 1978) has reviewed and discussed performance rules and their role in determining
parformance. For example, air traffic controllers were asked to find conflicts between aircraft. The
controliers used two methods: some controllers arranged fights under their control gecgraphically and
others by altitude. Those controllers who used the aftitude approach were abie to pariorm better (faster
and more efficisntly) than those who used geography (Leplat & Bissernt [1965] cited in Bainbridge, 1974).
Similarty, as the number of aircraft increased, there was increasiig simplicity and decreasing redundancy in
messages (Sperandio {1971] cited in Bainbridgu, 1974). These and othe: examples are indicative of
periormance rule changes as a function of iask demands and task lo.ding.
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Swnmary. Some Types 2 measurag are conduciva o ideniitying rules through the fine stnictuie of
performance and others are not, that is, the measures vaiy in sensitivity for rule detection and
identification. There is no easily categorized structure of behavior which fits this fine siructure anaiysis
approach. Generally, as in identitying the speed-accuracy trade-off, it Is necessary to empioy several
differsnt measures. Aocordingly, ohe should attempt to tread the fii.e line batween missing an important
parametsar and hurying the anaiyst in a fiood of kias relevant data (Hart 1986a). Multiple measures provide
greater capabilitias for probing sspects of rule drivery performance as well a8 providing potentially
anhanced statistical sensitivity via multiveriate analysis (O'Donnell & EQgemasier, 18868). Mutltiple measure
including fine structura] assessment frequently will also serve to overcoma the criticism of primary
measures as insensitive and non-diagnostic (e.g.. Gopher & Donchin, 1986; O’'Donneill & Eggemeier,
1986).

Devoiopment of Primary Task Messures

A major difficulty with primary measures is their potential lack of transferability across applications (Hicks
& Wierwille, 1979; Williges & Wierwille, 1978). The specific measures to be used must typically be
developed for each application and may not be used routinely in another application. The difficulty stems
trom the simple fact that operators may perform different tasks in different systems, and consequentiy
outputs or work products differ. Of course, measures imay be and should be adopted across systems in
cases where tasks are essentially unchanged (e.¢., stick-movements for aircraft evaluations, steering
wheel and accelerator movements for driving, communications in a variety of contexts). Because of the
potertially reduced transferabliity of primary measures, general guidance for their development is outlined
in the !ollowing discussion. Specific consideration is provided for selection, implementation, and
preliminary evaluation of reliability of primary measures.

Selecting Measurements on Primary Tasks

Appropriate primary task measures may be devised for gach application. Remembering that measures
of performance have differing utilities, an investigator should identity measures that are most appropriate
for tha application at hand. Where appropriate, Type 1 system perforrnance measures may be idsntified
by examining system objectives and outputs. These measures might include nusmber of targets deiected,
numbar of targets fired on, accuracy and rate of firing, etc. The measures seiecied, of course, will be
kighly dependent on the system under evakiation. For the Type 2 category, usually potential rate and
error measures for @ach tagk can be identified that provide the requisite direct mapping between operator
behavior and measurabie performance (Hart, 1986a). In general, latency and error scores are excellent




candidatas and have been repnrted as sensitive across a half dozen studies by O'Donnell and Eggemeier
(1986).

For iduntifying Type 2 rule reiated measuras, asking an operator io describe the rules is halpful, but not
alway s uzelul. There are ofien differences between whiat oparators do and what they think or say they do
(Spady, 1978a). One approach is for the investigator to do a pre'imina. y evaluation before perfonming the
actual test. This can be done by monitoring operator task performances under known varied loads. As
load increases, the investigator may then discover the performance rules used by the operator for
adaptation or coping with the additional lbad. Candidate rule-related measures may then be chosen which

refiect this adaptation process.

An altemative Is to use maasurss which have been shown to be successtul. Meister (1985, pp. 256-263)
has considered issues of selecting task measuras as well as provided a listing of possible measures for
system evaluations based on earlier work (Smodia, Gruber, & Ely, 1962). Table 4-2 presents an extract of
this listing that may serve as as guide to selecting a variety of primary task measures. In the table, a
Category like TIME Is a general class of measurement with three Subcategories, e.g., reaction time, which
in turn can be applied to several avents listed under Description. In the communication axample these
could include: (a) mean elapsad time between the end of recaived message and the beginning of the
next transmitted message, (b) mean length of each transmitted message, (c) variance in time beiwesn end
of received message and beginning of corresponding transmitted message, or (d) proporticn of
massages shed (omitted). The process of idantifying rule related measures uitimately invoives the
mapring of expected rule usage to correspondirig measures that reflect the use of such ruies.

Errors are an especially interesting measure. Emors can take several forms: omission, commission, or
wrong order of execution. Not only might they refiact high workioad, they can be the cause of increased
workload (Han, 1986a). \When an error s made, often some corrective response has to be made by the
operator. This adkis on to the number of things the operator has to do and increases time pressure. If the
number of errors is substontiai, then elimination of the cause of the errors will substantially reduce
workioad. Any technique that provides diagnosticity, will be of general help.
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Tabie 4-2. Varietis of primary tas' measure candidates (Meister, 1985).

| CATEGORIES SUBCATEGORIES DESCRIPTION
TIME Reaction time, |.9., time 10 « percelve avent;
* {nkiste movemaent;
+ inhiate correction;
« initiate activity following complation of
prior activity;
+ detect trend of muktipie related events.
Timae to complete &n activity already
in progress
» identity stimulus (discrimination time);
« complete message, decision, contro!
adjustment;
« reach ciiterion value.
Overall (duration) time « time spent in activity;
+ percent time on target.
FREQUENCY OF Number of responses per unit, « control and manipulation responses;
OCCURRENCE activity, or interval « communications;
« personnel interactions;
+ diagnostic checks.
Number of performance * number of errors;
consequences par activity, + number of oui of-tolerance conditions.
unit, or interval
Number of obaerving or data
gathering responses
+ observations;
s verbal or writtan reports;
«__requests for information.
L ]
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Tabie 4-2, Varisties of primary tesk measure candidates (Meister, 1885) (Cont.).

|carEGoRiES SUBCATEGORIES DESCRIPTION
ACramACY

Correctness of obearvation; le,
accuracy, in
« identifying stimuli intemal to system;
» ldontitying stimuli external 1o system;
« estimating distance, direction, speed,
time;
« datection of stimulus change over time;
» detection of trend based on multiple
related avents;
« recognition: signal in noise;
» recognition: out-of-tolerance condition.
Response-output correctnass; i.e.,
socuracy, in
= control positioning or teol usage;
* rsading displays;
» symbol usage, decision making and
computing;
* response sslection among altomatives;
» sorial response;
« tracking;
* communicating.
Error characteristics
« amplitude meusures;
« frequancy measures;
« content anzlysis;.
= change over time

I |

Additior:al guidance for deciding what to measure can be developed through established task
taxonomies like the Universal Operator Behaviors that developed by Batliner, Angell, and Shearer (1964).
In this organization, human activities in systems are separated into four broad categories:

* Perceptual tasks are sensing tasks; for example, seeing a warning light on an
instrument panel.
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" Mediational or cognitive tasks are those that involve thinking (e.g., solving
mathamatical pmblems).

« Communication includes face-to-face speaking, radio, and other communication
tasks.

« Psychomotor processes are manipulative tasks; those which involve muscles or
movament (6.Q., activating & pushbutton).

By spreading the selection of tasks across these categories, one increases the opporiunities for
identitying performance measures that are sensitive to workload and are diagnostic of the causes of
workload. There is little point, for example, to measure two tasks that fall in the same category. But it
would be highly useful o measure two {asks in cifferent categories.

mplementstion

Because the operator ordinarily performs the task as part of his duties, primary measures have the
advantage that they generally need not be irtrusive on the operator nor require specialized training
(O'Donnell & Eggemeier, 1986; Williges & Wierwille, 1979). Ail that is required to obtain Type 1 and Type
2 measurss {5 to instrument the systern. There are many instrumentation mathods that may be used and
their use is dependent on the appiication. n fielded systems, it may necessary n add sensors as well as
transponding or recording equipmeont. Of course, there are some situations whea, due to the absance of
ample space for adding instrumeiitation, there may be a physical space intrusion. This space intrusion is
typically less sovere than the intrusion required for implementation for some other methods for
assessment of OWL. (e.g., physiologica!). Mcreover, such imitations can often be overcome with a bit of
ingenuity. In simulators, space is usually less of a problem; sensors are often already in place and may be
used for the purpose ol gatharing daia on the primary measures. The proliferation and use of
microcomputers and interface cards has simplified implementation and reduced space requirernents. In
general, primary task measures typically take up less space and have {ewer implamentation difficulties than
other methods for assessment of OWL. More imporantly, implementation of pr:mary task measures will
ordinarily be required for combat system evaluations in the context of MANPRINT considerations.

‘

]

Reliabiliy of Primary Task lisasures

Primary task measures have the potential to provide impeortant information about OWL.. This potential
will not be realized, however, if the reliabilities of measures across sessions are inadequate. Frequently
assessed by correlation coefficients, reliability is the consistency of measuramant and invoives the
accuracy and stabil'ty of measures and tl.¢ observational condition under which the measuraes are made
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(Meister, 1985). Addressing the growing concern with opeiational performance assessment (General
Accounting Ofrice, 1982), Lane and colleagues have recently Indicted low reliabilities (and resulting
Inadequate sensitivities) as a major, chronic problem of such investigations (e.g. Lane, 1986; Lane,
Kennedy, & Jones,1988). Their indictment of tha operational kterature paraliels that directed at human
performance evaluations as par of environmental investigations (Bitiner, Carter, Kennedy, Harbeson, &
Krause, 1086). These paraliel indiciments are based on mathematical arguments as to the limitations on

sansitivity imposed by iow rekabilities.

Much ot the operational literature addressed by Lane and colleagues is concerned with flight
performance evaluation; however, they also point to other examples including operator performarice in
armor (e.g., Biers & Sauer, 1982). The body of evidence points out the need 1o evaluate reliabiities; and
sensitiviiies of primary measures before use in operational performance invegtigations. Reliabilities and
sensitivities may be evaluated using a diverse number of direct and indirect approaches. Three of tiese
approaches are delineated below because of their particular utilities in the context of combat gystem

evaluations,

Operational Test Experience. Measures may be selected based upon sensitivities and reliabiities
demonstrated in previous operational tests of similar systems under test conditions generally paraliel to
those planned. Since many systems are derivalives of previous systems, this approach has the
advantage of building upon experience. A possible disadvantage is that of discouraging the
development of potentially superior measures. This disadvantage can be overcome by using good,
demonstrated measures along with naw ones which are spacific to issues of interost to the system. Fer
totally new systems, the practitioner may be forced to develop new measures but can bulid on experience
to the extent the functions and missions are similar.

Baseline As.essment or Pliot Test. Reliabilities of measures may be determingd by adrministering
parallel operational test conditions to a group of subjects on two or more occasions as part of & baseline
evaluation . sfore an operational test formally begins. A piiot test may be an opportunity to obtain the
baseline me surements. Although not widely appreciated, the resulis of such baseline evaluations may
be used to (1) evaluate the readiness and training of the operator-subjects, and (b) iientify fundarnental or
gross evaliation preonlems before resources are wastefully expended. Baseline assessments of
reliabilities . ind other measurement qualities have previously been applied by a number oi researchers
(e.g., Bittner s al.,, 1986; Jobe & Bandaeret, 1986). Averaged correlalions across occasions may be used
to identify measures with highest reliabilities and init'al potential for sensiiivity when the numbers of
operator-subjects are inodust (Dunlap, Silver & Bittner, 1986).

Theoretical Considerations. Reliabliities arx sensitivities of measures may occasionally be
evaluated based upon theoretical considerations. Where aspects of a singie performance may involve a

trade-off by an operétor (e.g., accuracy and speed in a data input task), a theory-based measure {(e.g.,
transmitted-bits/seconcl) integrating these trade-off aspects may ba simpler to consider, more reliable, and
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sensitive. Care is required before use of such theoretical integrations, however. For example, the signal
detection theory sensitivity metric (d') may not be applicable because low frequency of errors
(Parasurarnan, 1986). In addition to this caveat, there are several related scoring procedures (occasionally
advocated o control for individual differences) whose use should be questioned, If nct avoided. These
include slope, difference, and proportion of baseline procedures which have been attacked for low
reliabilities and on other grounds based upon both analytical arx) smpirical results {c!., Bittner et al., 1986,
PP.700-701).

Summary. These three reliability considerations are directec at a range of combat system
evaluation contexts. The operational test experience approach is applicable where an evaluation history
exists and the baseline assessment approach may be appiied where some preliminary data can be
collected. The scoring consideration approach is applicablé when there is neither an appropriate
evaluation history nor an opportunity to gather preliminary data. These three reiiability approaches appear
1o span most evaluation contexts.

Overall Surmmary

Primary task measurements are divided into two categories. Type 1 measures are of the system
(including the operator) and are used 1o establish and verify the meeting of mission goals. Type 2
measures are of the operator directly and are used in the evaluation of OWL. Additionally, when several
Type 2 measures are used in combination, it is sometimes possible to assess the fine structure of '
behavior and determine performance rules; we advocate taking several Type 2 measures in every
evaluation. in general, Type 2 primary measures are shown to be gensitive 1o workload variations while
Type 1 measures are not typically sensitive.

Systems differ in their primary task(s) ahd measures used in one situation may not always be applicable
in another situaiion. Accordingly, general guidelines are lai¢i out for selection of measures and their
implementation. A list of possible measures, based on time, accuracy, and frequency is presented.
Special consideration is given to reliability of measures and the means to assess the reliability.
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CHAPTER 8. SUBJECTIVE METHODS

“If the person feels loaded and sffonful, he is loaded and effortful whatever the
behavioral and performance measures show" (Johanssen, Mcray, Paw, Rasmussen,
Sarnders, & Wickens, 1979, p. 105).

*...mental workload should be defined as & parsen's private subjective experiance of
his or her own cognitive effort™ (Sheridan, 1880, p. 1).

The primary purpose for the use of subjective mathods is to gain access to the experiences of the
operator. Physical workload can be cbserved, but mental workload occurs internally and can only be
inferred by observers. Subjective methous seek to obtain and quantify the opinions, judgments, and
estimations of the operators. Indeed, some investigators suggest that subjective methods are the most
appropriate methods by which to measure workioard. For example, when mental workinad is defined as "a
parson's private subjective experience of his or her own cognitive effort” then workioad measurement is
"best and most directly done by a subiective scale” (Sheridan, 1980, p. 1).

Investigators interested in mental activities have worked on measurement and scaling of judgments.
Many mathematical techniques are available to handle subjective opinion; in recent years some of these
have been applied to workload. There has bsen much written on the use of subjective methods for
measuring workload. The mulitude of reviews indicates quite clearly the attitude of the research
community for the extensive use and the value of subjective methods (Gartner & Murphy, 1976; Moray,
1979b, 1982; O'Donnell & Eggemeier, 1986; Wierwille & Williges, 1978, 1980; Williges & Wierwille,
1979). Although some researchers think that subjective reports are of low valug, most think these
methods can provide significant information abeout operator workload (Hart, 1985a).

There are many reasons for the widaspread use of subjective measures. As outlined by O'Donneli and
Eggemaier (1986), these include:
» @asy to implement; littie (if any) equipment is needed;
+ relatively non-intrusive;
* Inexpensive (i.e., cost of the meaisure is low);
« face validity (at the least);
* many good techniques exist; and

« curren; data suggest they are sensitive to woridoad variations.
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R is important to be famiilar with the various subjective techniques currentty avallable and the research that
has been psrformed in their development and refinement Literature dascribing applications of subjective
workload meaasures give examples of how and for what types of systems subjective workioad measuras
have been uvad.

The subjective methods can be broker. into two broad classes: (a) rating scales and (b) questionnairas
and interviews. Expert opinion might 03 considered an associated type of subjective measure, but that
method of workload assessmant was diicussed earlier in Chapier 3. Rating scales employ psychometric
scaling wathods to darive scalas with which quisitiative estimates of some behavior or characteristic can
be made. Questionnaires and interviews rsly on written or oral reports and while there may be quantitative
aspecis to these data, for the most part, the aata obtained are qualitative. Rating scales, questionnaires,
and interviews have besn used extensively in workikcad assessment, These methoc's are reviewed and
specific subjactive techniques for workload assessment are presented, analyzed, and compared in the
following sections. At the end of each discussion the technique or method is summarized. Before
discussing each technique, an overview of the nature and properties of measurement scales is provided
10 set the stage for later discussion.

Lovels of Measurament and Scales

There is a wide body of iformation on the use of scales 1o measure psychological variables. Many
ways to create scales have been developed and the resulting scales may have difierent properties, each
may be appropriate for different circumstancas. Which method to use depends on the questions that
need answaeriny as well as practical considerations. As background to the description and discussion of
specific techniques that have been developed ind used for operator workload assessment, a hriet
discussicn of various scale characteristics wi' be presented.

There are four widely-used lavels of measurement: nominal, ordinal, interval, and ratio. Nomina/
measures only classify objets and distinguish classes of ems. COrdinal measures place objects in order
of magnitude, although distance between this objects is not defined. For example, on an ordinal
measurement scale, a stick with a rank of 4 wouid nol necessarily be twice as long as a stick with a rank of 2.
Interval levels of measurement possess equal Intervals between objects; thers is a standard unit of
measure but without a fixed zero point, e.g., a thermometer. Ratic measurgs have equal intervals and a
known zero point. A ruler is an exarnple of a ratio measurement; a 6-in.h sti.". is twice as long as a 3-inch
stick. Ratios can then be formed and statemerts about the relative amount of a characteristic being
measured can be made (Alien & Yen, 1979).
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A scale is an organized set of measuroments (Allan & Yen, 1978). The different types of scales can be
produced by different methods. Scales that list values of a property along a line, even if the properties are
placed an equal digtance apart on the line, are at least ordinai and may be interval. Just because lines are
equldistant on a piece of papsr doas not mean the scalar is interval. The method of paired comparisons
aiso produces scales with ordinal levels of measurement. Interval scales can be produced through
Thurstone's method of comparative judgments or conjoint measurement. Ratio scales can be obtained
using methods of estimation where observers efiectively make judgments of the ratio between the
magnitudes of two perceptions. These inethods are described in detail in books on psycholegical or
psychophysical measuremem (e.g., Edwards, 1957; Geschelder, 1985). However, ¥ is important to
realize that the way in which scales are developed will determine whether a scaie has nominal, ordinal,
interval or ratio properties. This lavel of measurement in turn will be one of the majer factors in determining
how the data can be interpreted.

Another characteristic of a measursment scale is its dimensionality. In essence. nis is an indication of
what the scaie Is iniended to measure. There can be unidimensional scales that ar. intended to measure
only one aspect or attribute. Multidimension2! scales, on the other hand, are iner ded to rv:asure more
than one dimension concurrently. Specific statisticai methods are avaliable to craatz ‘nultidimensional
scales and these have been used to create scales that specifically address OWL. Whether the scale is
uni- or multi- dimensional hasg implications as ‘o what is 0 be measured (i.e., what is to be rated) and how
workload is conceived. For example, a global, unidimensional rating of workioad implies that there is a
single attribute ot workload that can be identified ana rated. For such a rating, operators have to combine
internally all aspects of workioad into a single metric and the degree 1o which various aspects contributed
to the overall rating are not ascertainable. Tsang and colleagues have employed such a unidimensinnal
overall workload scale using a line divided into 20 intervals with the end points anchored at low and \igh
workioad (Tsang & Johnson, 1887; Vidulich & Tsang, 1987). With multidimensional scaigs it is espesially
important that the ralative importance of the various measured componenis of workload be iklen ilied
explicitly. For example, the NASA-Task Load Indax (TLX) uses six dimensions while the Subjective
Workicad Technique (SWAT) uses three.

Operators and observers can both bo asked to rnake ratings. Operators can make judgments about
their subjective experiences. At the same time, observers could monitor the behavior of the operators
and make jucyments about the level of workioad the operator Is experiencing. This is essenially a
subjective opinion about someone elss's subjective axperience. However, since observers cannot
cbsarve internalized nperator activities such as infe.imation processing and monitoring, thelr jucyments
may »e less useful than those of the operator. On the other hiand, observers may be able to s:ie more
than a busy oceratnr (Hart, 1986a). For exampie, operators; may experience tunnei vision, vhilv the
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obsarver maintains a iarger field of view. The use ol ratings of the same tasks or migsion segments by both
operators and observers may provide more reliable information regarding OWL.

Workload Rating Scaies

Subjective scaling techniques have been used to develop rating scales for workload measuremeant. In
general, these rating scale., have been developed in aviation communities for measurement of pilot
wortkload, with the exception of the Modiiied Cooper-Harper scale. In some instances, the rating scale is
specific to pilot activities and would need modification to extend its applicability to non-piloting activities. In
other instances, the scale would ba applicate as it exists to a wide range of tasks and environments. The
degree of applicability has been noted where appropriate.

The specific subjective scale techniques described in this report include:

« the Cooper-Harper scale and modiied versions of the scale which use a decision tree
structure,

- the NASA-Task Load Index and Bipolar scales that obtain individual weighted scores
of several dimensions of workload,

« psychometric techniques, such as magnitude estimation and equal-interval scales,
and

* the Sutjective Workload Assessmeni Technique (SWAT) which uses conjoint
analysis.

Other rating scales which have been developed and used for specitic pumosas are discussed as
examples of applications. Comparisons among the techniques as well as other key issues are discussed
following presentation of the techniques.

Cooper-Hasper Scale and Varistions

Perhaps the most widely used workload-reliated decision tree rating scaie is the Cooper-Harper (CH)
scale (Cooper & Harper, 1969). It is a 10-point unidimensional rating scale, resulting in & global rating on
an ordinal scale of the experience of piloting an aircraft. it was primarily intended for use by pilots to raie
aircraft handling and control qualities, but pilot workload and compensation are mentioned In the scale
showr: in Figure 5-1. O'Donnell and Eggemeier (1986) Jic~ieg the supporting evidence which shows a
relation between CH ratings and workload (e 4., Hess, 1977). Wierwille and Connor (1983) also found the
CH scale t0 be sensitive to handling properties. They concluded thot the CH scale can be confidently
usea for tasks that are primarily motor or psychomotor. These findings are generally supponted by

84



previous worklogd lilerature (Wianwille & Williges, 1880). Haworth, Bivens, and Shively (1988) have
recetly found a corralation of .75 between CH ratings &nd NASA Bipolar ratings and & ¢ melation of .79
between CH and SWAT ratings, indicating consikisrable agrasrnent among the scales and overiap of the
undertying psychological dirmension.

Rewquety Sor Qoincted Arareht Damand sn the Plet in Beleied Pt
Yook or Requined Opention Charaguriation Tawk or Roypires Oreration Raireg
Earsiiord - Pisd aoivpasination re. & incior
HIght'y siraibla Sor dosired periermency '
Gosd -
_ TPLNsian net @ fadier
> 2
i o 2o b danired
nl;w Mirdrnal 3
i ot veruired for decko partsrmance
Niner d anreying  Desirod porformanns requives
Defuivnaion Mudercicly Adonuete paviermanse Fecirn
waverd mmu e Curatie comperastion 8
impravement iolenoloe phot
Very chjecionsble  Aduqussc petiermancs require e
bt lerabin
onteraive pliut cornpanastion
— porarmancy nit saaineble
Majw deficiescoiis Wil FUETTI Wnineudis pllol gRinpen ?
oagion. Controlebifity net in guestion
Dokiciences defciancy Corniderable piat asspenation .
m‘ W
"I s required fev contis!
Mg cisnoies roeneo it ool peveation is [ ]
| WESEEpp—— | st requived 10 ratain: aanirol
improwwhent e Caortrol il be oot during some 10
L._':'M Majer portion of required eperation

Figure 5-1. The Cooper-Harper aircrait handiing characteristics scale (Cooper & Huper, 19€9).

The Honeywell Cooper-Harper. Other ressarcheis have adapted the decision tree structure used
in the Cooper-Harper scale to rating scales for specific uss in workload assassmeri. Wolf (1978) focused
on overail task workload rather than aircraft handling qualities in the Honeywell version of the CH scale
(Figure 5-2). A comparison of the two scale* gshows e T -or differences to be In the use of terms.
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Workload and effort In tha Hoheywell version may be considered tack-related, rather than the tems
compensation and daliciencies in the CH, which are more hardware, especially aircraft, oriented. This
scaly was usad In a studly of vertical take off and landing (VTOL) aircraft displays (Nofth, Stackhouse, &
Graftunder, 1378). in ganeral, the ratings were in agreermnnt with the porformance date; however, 50 vs
were obtained for only a subset of all conditions. North et &l. did not draw strong conclusions conceming
the use of this scale because not al factors intlueincing workload were rated.
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Figure 5-2. The Honaywell version of the Cooper-Harper scale.
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Modified Cooper-Herper. Wierwilie and Casali (1963) developed the Moditied Coopar--anuc
scale for the purpose of workioad assessment in systems where percenstual, mediationa! and
communications activity is present (rigure 5-3). The modiication was devsloped for use in those
situations where the task was not primarily motor or psychomotor and the CH might not be appropriate.
Viisrwilia and his oolleagues have performed a series of laboratory experirnents to validate the Modified
CH as & workdoad asgessmernt fechniqua. Three experiments using this scale are dascribea in Wiemwille
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Figure 5-3. The Mndif'ed Cooper-Huarmper stale (Wierwille & Casal!, 1983).

and Casaii (1933). These experimenis were parformed in a simulated aircr4ft environment and all were pan
of larger studies. Six licensed pliots participated as subjects in each experiment. Perceptuai tasks
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invoived the ideniiticetion of danger lnxiicators ard required a pushbution response. One of three kad
fevels (low, medium, or high) was used for sach ilight. After each fiigivt, subjacts gave a Moditied CH
mting. The results indicate scores wera significantly ditfersnt for each level of load with the srove
Incroasing menotonically with load. The expetiment that locked at madiational (cognitive) load used
nivigation tasks involving varicus number and complexity of arthmetic and geometric operations for sach
load level. The navigation solutions were only caiculaled, not impiemented, 8o the psychorncior
vrownis did not differ. Resulis showed significarnt diferences batweon jow vs. high and medium vs,
high with the score means increasing monotonically with load. Ths communications axperiment invoivad
the use of radio aircraft control and communications tasks including commands for chainges in altitude and
neading and communications such as raporting call signs and heading, altitude, and airspsed irrformation.
Significant diferences were found between low vs, madium iad and low vs. high lvad. Scors means
incraased monotonicalty with load level. The authors conclude that the Modified CH scale ratings are valid
and statistically reliable measures of overall workload and that the Modified CH shows a consistent, good
levei of sensitivity across the thres types of iasks (Wierwille, Casall, Connor, & Rahimi, 1985). Meditied CH
ratings were found to be equalily sensitive to task diificulty as SWAT (War, Cole, & Reid, 1986).

Wierwille, Skipper and Rieger (1984) conducted two studies to test whether the sensiivity of the
Modified CH could be increasad by changing from a 10-point to a 15-point scale or by chianging the format
to computer-based or tabular form. In general, they concludad that the original Medified CH was the most
consistently sensitive measure of the five alternatives tested.

The Badford Scale. The Pilot Workioad Rating Scale, also called the dedford scaie, is a decision
tree scale derived from the CH. It is shown in Figura 5-4. It was daveloped by Roscoa and Ellis (Rosces,
1987a) at the Roya! Aircraft Establisinent, Badford, England for workicad assessment in the military
aviation snvironment. The technique obtains subjective judgments about workioad basad on ability to
cohplete tasks and the amount of spare capacity svailable. it was found that aircrew were abla to
unrterstand the scale and that k was easy to remember and small enough to be carried on a flight suit knee
pad (Lidderdale, 1987).

The Becford scals has been applied in ssveral workioad evalustions of aircrews. Wainwright (1987)
repons is opplication t0 assess workload for a minimum crew of two pilots of a civilian (BAE 148) aircratt.
three teams of two Dilots each paiticipated in the certification program. The evaluation was based on
subjective opinion and heart rate monitoring for high workload segments with crews that were asked to ly
long duty days with minimum rest. Piiols gave ratings and an obwerver of the pilot's petlormance gave a
rating as well as the signal to the pilot fo rata the previous tagk. The ovirall analysis of workload, inciuding
sibjective measures, heart rate and performance errors, suggestad that the two-nlinl crews wara not
uvarioaded, i.a., crew mambers reported tey had spare capacity.
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A similar study measured workload for a iwo person crew in an advanced combat akrcraft during low levet
maneuvers. Aithough there was concam that veal-time ratings would not be possible, the aircrew were
abie to give in-tight ratings even in demanding circumstances (Lidderdale, 1887). However, the Badiord
scale was found to ba inappropriate for obtaining woskload assessmants during post-flight debriefings.
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Figure 5-4. The Bedford scale {described In Roscoe, 1987a).

The aircrew found it difficult o reconstruct the complex experiences of the flight and thus they could
not be confident in the accuracy of thair responsaes. No other discussion was made of this point, so li is
not clear whether the post-flight rating difticulty was due to workioad descripiions in the Bedford scale
#tsalf or a more general probiem that would occur in all post-flight ratings of workioad.

89




The use of the Badiord scala was well apcepied by aircrews (Lidderdale, 1987), particularty when tasks
are short anct well definec (Roscoe, 1987a). Rating pads with 10 push butions were used as the means to
obtain the ratings. Roscoe has idemitied some limitations in the scale's use: the ratings given are not
absolute values and are dependent on the cperator's personal experiance, therafore cornparisons
between oparators are not valid. Also, real-tima ratings may not be be possible if a second purson is not
availeble. Like other versions of the CH scale, the Bedfond scale produces ordinal data and therefore
siatistical analysis is limited to rank ordar tests.

Bedford ratings were found to correlate well with heart rate, although not always consistently (e.g.,
Wainwright, 1907). The use of the Bedford scale has been primarily in applied settings -- oniy one study
was founc where it was used in a controlled setting with defined levels of task difficulty. Tsang and
Johnson (1987) used the Bedford scale, the NASA-TLX, and an overall workioad scale ‘¢ measure
subjective workload in several manual and semi-automated tasks. he Bedford reale ratings were slightly
ditferant from those obtained with the other two measures although the authors suggest these tindings
support the ability of the Bedford to measure spare capacity. However, these findings are based on a
small amount of data and should be used cautiously.

Summaeary. Workload rating scales based on decision tree structures have been found to be
sensitive to difierent levels of workload in various task types (e.g., Wierwille ot ai., 1985). The scales have
been found to be easy to administer and well accepted by operators. These rating scales have been used
almost exclusively in aviation ressarch to assess pilot workioad; however, the Moditied CH and the
Bedford scales would be applicable to other oparational environments (with minor modiications such as
changing the word pilot to operator). Finally, intemretations other than as ordinal scales shouid be
approached with great caution bacause of the nature of the scales.

NASA-Ames Worki sad Rating Scales

The Human Perforrnance Group at tﬁe NASA-Ames research facility has been extensively involved in
workload assessment research. As part of the overall effort, much work has gone into the sevelopment of
workload rating scales as subjective measurement techniques. Two major thaoretical considerations
influenced the scale developmeni. The first consideration was the muttidimensional nature of workioad,
resulting in multiple worldoa. dimensions. The second consideration was the individual nature of which
dimensions of workload are 1hore important for individual operators rating specific tasks. This
consideration led to development of individual weighting provedures.

The NASA-Bipolar scales are & group of nine scales that reflect nine dimensions of workload plus an
everall workload scale. The descriptions of the ten scaie dinensions are prosented in Table 5-1. Each
scale is presented as a single line broken into 20 spaces as stown in Figuré 5-5. The operator marks the
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focation on the scale that corresponds to his or hor subjective experience related to a spectic task. A
score from 0 to 100 Iis obtained for each scale (assigned (o the nearest 5). The ratings are assumed to
have interval properties. The weighting procedure used to combine individual scale ratings involves a
paired cormnparison task using all palrs of individual dimensions. Paired comparisons require the operator

Table 5-1. NASA Bipolar rating scaie descriptions (Hart & Staveland, 1987).

Thia

Endpoints

Descriptions

OVERALL WORKLOAD

TASK DIFFICULTY

TIME PRESSURE

PERFORMANCE

MENTAL/SENSORY EFFORT

PHYSICAL EFFORT

¥RUSTRATICN LEVEL

STRESS LEVEL

FATIGUE

ACTIVITY TYPE

Low, High

Low, High

None, Rushed

Pertact, Failure

None, impossible

None, !mpossible

Fultilled, Exasperated

Relaxed, Tense

Exhausted, Aleri

Skill Based, Rule Based,
Knowlsdge Based

The total workload associated with the task
considering all sources and components,

Whether the task was easy demanding,
simple or complex, exacting or forgiving.

The amount of pressure you felt due to the
rate at which the task elements occurred.
Was the task slow and leisurely or rapid and
frantic.

How suzcessful you think vou were in doing
what we asked you o do and how satisfied
you were wit* what you accompiished.

The amount oi mental and/or perceptual
activity that was required (e.g., thinking,
deciding, calculating, remembering, iooking,
searching, atc.).

The amount of phy:sical activity that was
required (e.g., pus.aing, puiling, turning,
controlling, activating, etc.).

How insecure, discouraged, irritated, and
annoyed versus secure, gratified, content,
and complacent you felt.

How anxious, worried, uptight, and harassed
or calm, tranquil, placid, and relaxed you felt.

How tired, wearv, worn out, and exhausted
or fresh, vigorous, and energetic you felt,

The degres to which the task required
mindiass reaction to well-learned routines or
raquired the appiication of known rules or
required problem solving and decision
making.
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Figure 5-5. The NASA Bipolar rating scales (adapted from Boitolussi, Kantowitz, & Hart, 1986).

to choose which dimension is mcre relevant to workload for a particular task across all pairs of the nine
dimensions. The number of times a dimension is chosen as more relevant is tha weighting of that
dimension scale for a given task for that operator. The procadure permits a weighting ot zero for
dimensions thai are judged &s not relevant to workload for that task (Hari, Battiste & Lester, 1984). A
workicad score from 0 to 100 is obtained by multiplying the weight by the dimensicn scale score, summing
across scales and dividing by the total weights (36 paired comparisons). The weighting procedure
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implicitly assumes that the individual dimansions have ratic scals properties. The welghting procecure
has baan found to reduce between-subjact variability by up to 50% compared to unidimensional ovarall
workload rating (Hart i al., 1984; Mitler & Hart 1984).

The MACA Taok Load index (TLX) was derived from the NASA-Bipolar scales and uses a similar
weighting procecure. It may be considered a shorter and more rafined version. The NASA-TLX uses six
dimensions, thereby considerably reducing the number of paired comparisons from 36 to 15. Agpects of
task, benavior, and the operator are ali included in the T1.X. The first three diinansions can be considered
as characteristics of the task; the next two can be considerad as behavioial characteristics; and the tinal
scalk: is related to the cper ior's individual characteristics. The zix dimensions &re:

* meniai demand,

« physical demand,
* temporal demand,
« performance,

« effont, and

« {rustration.

The descriptions of thase dimensions are shown in Tabie 5-2. Twenty-staD bipolar scales are used as the
yneans to obtain ralings ‘or thesa dimansions, as shown in Figure 5-6. Saveral tactors weve corside/ed in
choosing which dimensions to include in the TLX. Triteria such as dimension sensitivity, independence
from other dimensions, and subjective importance to irlividual concepls of workload were considered.
For ease of implementation (both in the weighting procedure and the cctual rating of scales), no more than
six dimensions were desired. A thorough discussion of the development of the NASA-TLX is presented
in Hart and Staveland (1987).

Both the MASA-TLX and Bipolar scales have been used in laboratory and operational environments.
These applications are characterizad in the following descriptions. TLX was used in studies of pliot
workioad in helicopters (Shively, Battiste, Matsumoto, Pepiton, Bortolussi, & Hart, 1987). Four NASA test
pliots flew an SH-3G helicopter on two different mission scenarios for a totai of sight fliights. Subjeciive
and physiological data were collected during the fliglht. The TLX rating scales were administered at the
end of each flight segment. During the r.. "7, the pilot transferred co.itrol of the helicoptar to the safety
pilot. After rating completion, controi was returned to the pilot. If control transter to the satety pilot could
not be done without excessive disruption, the pilot rating for that segment woukd be felayed until after the
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next flight segment. Pilots were never required to rate mora than two consecutive segments at one time
and each flight segment contzined a major flight task such as hover, termain following, or tanding.

Table 5-2. NASA TLX rating scale description (NASA-Ames Research Cartar, 1986).

Title Endpoints Description

Mantai Demand Very Low/ How merntally demanding was the task.
Very High

Physical Demand  ‘ery Low/ How physically demanding was the task.
Very High

Temporal Demand Very Low/ How hurriad or rushed was the pace of the
Very High task.

Performance Perfoct/Failura  How zuccessfu! were you in accomplishing

what you wers asked to do.

Effort Very Low/ How hard did you have to work to accom-
Very High plish your leve! of parformance.

Frusuaticn Very Low/ How insecure, discouraged, irritated, and
Very High annoyet were you, |

Results indicate thiat TLX signiticantly discriminated betwean flight sagmants in both scenarios -
subjective ratings and available performance measures were compared and appsared to have a
relationship where a iower workload rating corresponded 10 better perforriance. Statistical analyses were
not performed due to the limited amount of parformance data aveilabls. However, the TLX measures
appeared to be sensitive to both flight segrnent differences as wall as performance measures.

Other applications include the use »f the Bipolar scales in a laboratory study where short-term memory
load, tracking task difficulty, and time-on-task weare the manipulated variables (Biferno, 1985). Subjective
ratings were found to correlate positively with certain physiological measures of workioad. Ratings of
fatigue and workload wera significantly correlated for 80% of the subjects.

Bortolussi, Hart and Shively (1587) found that the Bipolar scales ditferentiated signilicantly between
low and high levels of scenario difficulty in a motion-based simulator when 21 flight-related activities were
added in the high difficulty scenaric. These raculte replicate results obtained in a similar study (Boriolussi,
Kantowitz, & Hart, 1986), supporting the reliabilitv of the subjective ratings in different experiments using
the same tasks but different subjects.
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Figure 5-6. The NASA Task Loading Index (TLX) rating scaias (NASA-Ames Research Center, 1986).

Vigulich and Pandit (1986) found the Bipoiar scales to be sensitive to the effects of training on
subjective workload ratings when the training produced lowar cognitive load through development of
automaticity in a category search tagk.

Severai comparative studies have used one of the NASA scales as wsll as other OWL subjective
techniques. The NASA scaies have had high comelations with other subjective rneasures. Hawortn,
Bivens and Shively (1988) usad the NASA-Bipolar scales in asaassment of singie pilot worklcad for
hslicopter nap-of-the-earth (NOE) missions. The comelation of NASA-3ipolar with Cooper-Harper was
0.79 and 0.67 with SWA'I. In a study by Tsang and Jchnson (19C7), TLX and & unidimensional overall
workload scaie followad very similar trends. Vidulich and Teang {1987) found simitar correlations among
TLX, an overal! workload scale, and the Analytic Hierarchy Process.
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Vidulich and Tsang (1985a, 1985b, 1986) compared the subjective measures obtained from NASA-
Bipolar and SWAT lor both tracking and spatial transformation tasks. Both techniques v.ers found fo be
sensitive 1o vanous leveis of task damands anc generally provided similar resulis. A comparison of the two
fechniques shows that the NASA-Bipoiar scales result in less betwaen-subjact variablity but use more
dimensions of workload (although, at the tims, it was unclear whother il nine dimensions added
tvdormation). NASA-Bipoiar required iess tima in the weighting procedure cempared (0 SWAT's scale
development procecure, but more in acti'ai ratings because ot the nina scales as compared 1o three
dimansions of SWAT. A similar comparison between NASA-TLX and SWAT has not yet been reported in
tho literature.

Of the twp NASA scales, the TLX scale is the varsion that is racommended by NASA, Information for
adrninistration of TLX is confained in Coilecting NASA Wurkiload Ratings: A Paper-and Pencii Package
(NASA-Ames Research Center, 1986). Comtained in this package are copies ot the six rating scales, the
fittean paired-comparisens, sources of workload tally shests and instructions on the picndures to follow
to obtain individually weightsd workioad scores. A computerized version i8 also available which provides
software that will dispiay ti:e rating scales, tally the sourcas of workioad, and provide the weighted scores.
Being nawar, not as much research has been reporied for the TLX version as for the fuil Bipolar version.
Further research and applicaticn examples will providie additional information with which to characterize the
TLX scale fully.

As with other multidimensional gcales, not only can an overall workload score be obtained, but the
individual scales could be used to diagnose wiia! aspects of workload were particularly relevant for a
specific 1ask. The ability to identify what iask, behavior, or operator characteristic was judged to have the
greatest impact on the parception of workicad would provide an additional diagnostic tool to assess
system design altematives.

Summary. Both the NASA-Bipolar and TLX scaies have been proven io be valid, reliable and
sensitive techniques for OWL assessment. The scales hive been used in laboratory and applied
settings. The multidimensional nature ! work!oad and the reigvance of various workioad dimensions o
individual assessmeant of workload are both accounted for in the individual weighting procedure and six
dimensions used in TLX. TLX was derived from the Bipolar scales and is the technique currently
recommianded by NASA. Certainly, the approach used by both scales is w'sefui. The TLX is more practical
for operational applicationc because it is shorter and tukes less time i complete. TLX is only beginning to
be characierized although the validity of its underlyirg approach is supported by its predecessor's (Bipolar
scales) research base.
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Peychomstrtz Techniques

Among the rating scale techniques available are those that are based on classic psychomatric scaiing
methodologies. Psychologists have usad these meéthods as a means of quantitatively measuring
psychological attributes. Workload migiil be considered to be such an attribute. Among the best known
ure magnitude estimation, paired comparisons, anxd ecual appearing intervals.

MagnKuds estimation. Magnitude estimation is a psychophysical method that requires a subject
tc make direct numaerical assignments to the magnitude of somo sensory experience. it is one of the most
trequently used psychophysical scaling methods (Gescheider, 1985). There are two main procedures for
obtaining magnitude estimation (Stevens, 1958; 1975). In the first method, a subject is presentsd with 2
standard stimuius and is told this experience represonts a certain numerical value (calied 2 modutus). The
subject is then askad to make judgments reiative to the moduiug. For example, i the modulus is assigned
10 and the experience is judged 10 be twice as graat as the one created by the standard stimulug, the
subiect would say 20. I the second method, the modulus i3 not defined by the sxpearimenter and the
subject is asked, in essencs, to establish his ywn moduius.

Some research has used magnitude estimation in workioad assessment (e.g., Borg, 1978; Heim &
Heimstra, 1981). High correlations have bgen reported betwean subjective estimates of workload and
task diificutty (e.g., Helm and Heimstra used information load (bite/sec) as the measure of task difficulty).
Masline (1986) found equal sensitivity among magnitude estimation, equal appearing intervals, and
conjoint scaling as used in SWAT. Gopher and Braune (1884) describe the use of magniude estimation
scaling for werkload assessment in ~1 exparimental conditions. A single-axis tracking task was used as
the modulus and given a value of 100. After each trial, subjects were asked to estimate the toad or
demand of oth: tasks. Gopher and Braune found that subjects did not have any difficulty in qssigning
nu:nbers despite the wide variety of tasks. They aisc cornstructad a power function and used K to pradict
the loads of dual tasks from single task scores. Thiey found a high correlation between resource
raquirements (derived from subjective scores) and an index of task ditficulty, but low correlations with
reaction time performance measures.

The magnitude estimation method was aiso used by Kramer, Sirevaag and Braune (1987) to collect
subjective ratings of OWL in a single-engine, fixed-base simulator. A five minute straight and level {light
path segment was used as the modulus and assigned a value of 100. These researchers found that the
subjective ratings corresponded well to flight task periormance, as measured by flight heading and
altitude deviations, reaction time, and accuracy of the auditory secondary probe task. Both subjactive
ratings and performance maasures differentiated between easy and dificult flights and batwsaen iyt
segments. However, the pilots’ workload estimates indicate that hokling pstiemns, takeot's, and landings

(%~
~




were equally difficult, while parformence measures indicated holdinyg petteme and straight-leval-fligiie were
dons batter than takeofts and isnGings.

One of the ways of using magnitude astimation is to have & standard reference tusk (a moculus) against
which relativa juagments of workload are made. Rather than alikwing subjacts to make reiative judgnrents
against their own intemal reference developed from pagst expetience, Harnt and Staveland (1937) suggest
that a standard reference task may reduce between-subject variabliity. They suggost that reference tasks
may assist in providing a sizble judgment set from which to make estimates of subjective workload. They
aiso suggest that the reference task should share eloments with the experimental tasks 10 be perforimed,
because the workioad of different taske may be Caused by difierent task dimensionz. The reference task
should provide the opportunity to mike comparable jiigments.

O'Donnell and Eggemeler (1986) review woridoad assessment that has used magnitude estimation
and they conclude that the data support the estimates obtained from magnitucie estimation technki.es.
They do caution, however, that the ude of magnitude sstimation may have practicei imitations. For
example, subjects may not be abie to rotain and use the same modulug over time. In addition,
counterbalanced presentation of stimuli, normally used in laboratory magnitude estination experiments
may not be possible. O'Donnell and Eggemeier (1986) suggest that the impact of these potential
problerns shouid be identified before magnitude estimation techniques are used in operational
environments.

Paired comparisons. Other psychometric techniques that might be used for worklosd
assessment include paired comparisons (also celied Thurstons scaling techniques). In the paired
comparison tachnique, subjects choose one of a pair of stimuli which has more of the characteristic being
judged. The number of comperisons made is nN(nN-1)/2, where n is the number of stimull. Therefore, the
numbe! of comparisons can become cuite lerge as the number of stimull incresses. Five stimuli wouid
require 10 comparisons; eight stimuk would require 28 comparisons; and ten would require 45
comparivons. Scales are derived from the number of timas a stimuiug s kidged to have more of the
reievant characteristic than the other stimuli.

Equsl-appearing intervals. The technique of equal-appearing inkervais has the subject assign the
stimulus tc one of several categories depending on how much of a charecteristic the stimulus is judged to
possess. Eleven categories are often used. The subjects are also instructed to keep the distance
between any twe categories equal to the disiance between any other two. Hicks and Wierwilis (1879)
appiied this technique in a study of workioad in an sutomobilte simuiator. Results Indicated significant
difterences between all task difficully levels which indicate the mathod i asnsitive to workioad variations.
Masline (1986) found the sensitivity of the equal-interva!l technique to be equivalent to magnitude
estimation and to SWAT. He concluded that the equal-interval acaling wae the easiest of the three 1o
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administer. Masline cautions that thare is a strong tendency for nperators 10 assiyn stimuli so that afl
categorias dre used about agqually often, which may hias ratings.

Summary. The psychometric techniues of mignitudo sstimation, paired comparisons, and
squai-appesring interviis have been used #e workunad &g sessment techniques. In gansrai, siudies have
indicated senshivity of the rmathods ‘o varying task difficuily kevels. The psychormnetiic techniquue appsar
o offer viable alternatives for subjective workivad asaussment although reservations about the uae of
these techniques in operational environmenls were exprassed by O'Donnell and Eggemaier (1985).
More information on the davelopimant snd procedures for using these techniques is required before they
are fully recommended for Army eppiications. For further information, the reader shoulkd consukt texts on
psychophyzical methods {0.9., Edwards, 1957; Sisvens, 1975; Geacheidar, 1985) a2 well as reviows of
these techniquéas as applied to workioad assssasmeit {e.¢., O'Donnell & Eggemeier, 1286).

Subjective Workioad Assegombnt Technicpe (SWAT)

T Subjective Workioad Assassment Tachrique (SWAT) Is a subjective rating technique developad
by the U.S. Air Fome Armngtrong Asromedical Resairch Laboratory (AAMRL) at Wright-Patterson Alr Force
Base. Ht uses conjoitd measuremeni and scaling tschniquas (Krangz & Tversky, 1971; Nygran, 1982) to
davelop a rating scale wih inte;val properties. SWAT uges the three dimensiong of time load, mantal
offort load, and psychoiogical stress load to assess workivad. These were adepted from the workioad
definition developed by Sheridan and Simpson (1979). For each of the three dimensions, thers are thrse
{evels which are cperstionaly definud. These are shown in Table 5-3. Time load refers 1o the relative
amount of time available to the operator (AAMRL, 1987) and the percertage of iime an operator is busy
(Eggemeier, McGheeo, & Reid, 1983), and Iincludes elemants such as overlap of tasks and task
imtarruption. Mental sffort retars to the amouni of attention or concentration directad toward the task,
independent of time considerations. Psychological siress i3 tho degree to which confusion, frustration
and/or anxiety s prasert and adds 0 the subjective workload of the opsrator. Factors that may increass
stress and elevate distraction from the task include personal factors such as motivation, fear, fatigue or
environmental factors such as temperature, noise or vibration (AAMRL, 1887).

‘Thare are two distinct steps in the use of SWAT. The first is called scele development. Twenty-seven
cards comtain all posshie combinstions of the three levels of 2ach of the three dimensions. The cards aie
sorted by the individkial operators into the rank ondsr that refiects their perception of increasing workload.
The SWAT Usei's Guide (AAMRL, 1967) supgests that the 27 cards be first sorted into three piles of nine
each, and then each pile orcered 1 through 9 repressrting lowest to highest workioad. The order of the
gsorted cards are then procsssed via conjoint scaling procedures to devslop a scale with interval
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Table §-3. Operationat definitions of the three SWAT dimensions (AAMRL, 1987).

LEVELS DIMENSION

i. TIME LOAD

m Often have gpare thme. interruptions or ovanap among sctivities occur
infrequently or not st all.

m Occagionally hvave spans ime. imerruptions or overiep among stivities
oouur frequentty.

Aimost naver have apa time. InesTuptions or ovariap among activties are
very frecuient, or orour all the tme.
il. MENTAL EFFORT

Very litle tonsdous menta! sffort or concentrction renuired. Activity is almost
automatic requiring itle or no attersion.

Moderate conscicus mantal effort or concentration required. Complexity of
activity ‘s moderately high due to uncsrtainty, unpradictability, or unfamitiarity.
Considerbie sttention roquired.

Extensive r jental effort and osncefitration are necessary. Vary compiex
activity requiing total attention.
. PSYCHOLOGICAL STRESS

Little confusion, frustration or anxdety exists and cer be ansily sccommodated.

Moderate stress ue to confusion, frustrution or anxiety. Noticeably adds
to workload. Significant compengcation is require to maintain adequate
performance.

High to very intense stress due to confusion, frustrstion or anxiety. High to
extreme determination anxi seif-control required.

properties. The developed numerical scale runs from 0 to 100, with € signifying no workload, or the
iowest ranked condition on each of the tu.ree dirmensions (usually 1,1,1), and 100 corresponding 1o the
maximum workload, or the highest ranked on each of the three dimensions (usually 3,3,3). Other
combinationg of ratings on the three ditnensions (e.g., 2,3,2) would be assigned a comesponding scale
number (e.g., 75). The scale value corresponding ¢ aach combination of rating will be ditferent for each
individual dependent on tha way the cards are sorted. An lllustration of the mapping trom a three
dimensional to a unidimensional scals is shown in Figure S-7.
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.. Ranks

o ol

0 25 50 75 100
Lowast Highest

Workioad Scale

Figure £-7. Subjective Workload Assessment Technigue (SWAT) uses conjoint analysis to change
each individuai's rarks to a unique interval scale. In this individ::al exampie, the rank of 1, given to the
combination 1,1,1, is raflactec as the lowest (0) value on the Workload Scaie. The ranrk of 27, given ¢
the combination 3,3,3, is reflected as the highest (100) vaiue on the Workload Scale. intarmiadiate rank
values of 3 and ‘I8 given tc the combinations 2,1,1 and 2.3,2 respeactively, are reflecied as intermediate
workload values (i.e., 20 and 75, respectively) dapendert on the individual workioad scale developed.
(Tha illustration is adapted from Gidcumb, 1985.)

The second step to SWAT is the evant scoring, that is, ths actual rating of workload for a given task or
mission segment. For the defined task or segment, the oparator is asked to assign a level (1, 2 or 3) to
each of the three dimensions of time load, mental offort, and psychological stress. it has been found that
the order in ‘which the three dirnensions are praseiited does not affect the rankings (Acton & Colle, 1984),
but it is suggested thai the order in which they are rarked bo kept constant to reduce confusion (AAMRL,
1987). This rating is converted to one of the 27 numerical scores {tiascribed above) between 0 and 100
which are computed durirg scale development.
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Since the Inltial dovelopment of SWAT, there have been many refinaments, suggestions for
implameantation, anktysis, and interpratation. One issue of concem Iz the difference batwean individua!
ana group scale development. (The group scaie I3 constructed using group masn rankings.) In an oarly
SWAT study, thera were high coefficlents of concordance for the rankings of four diffarent groups of
operators ranging botween .76 and .82 (Rek!, Shingledecker, & Epgemeier, 1981). Because of the high
level of agreement, a group scaje was developed for each differant sxperiment. With group scales, the
idiosyncrasies of individual sorts tend to average out. Conversely, the group scale may also hide some of
the individual differences in the perception of workload. An attemative approach has been devsloped
that permits scale development for homogeneous subgroupings of individuals called prototypes (Reid,
Eggemeier, & Nygran, 1982). The prototypes are based upon which one of the three dimensions is the
overriding factor in their rankings. For example, if time load is considered as most important, the rankings
may reflect a certain level of time held constant while the other two dimensions are varied across the full
range of possibilities. The SWAT Users Guide (AAMRL, 1987) discusses specific procedures and
apprcaches tc use in determining how individuals should by grouped tngethsr into time, effort or stress
prototypes. The prototype approach offers an increased sensitivity to individual differences as compared
with the group approach.

Time, effort and stress may be individually examined as workload components — whether individual,
group. or prototype sorts are used. How the particular dimensions are rated may be uselul in detarmining
the specific design teatures that may be contributing o the workload perception. If the time load
dimensicn is judged to be very high whiie the other two ara not scored as high, for example, this might
suggest that a design element in the time donin (e.g., daia presentation rate or required response time)
is the most important consideration for workload in that task or mission segmant (Eggemeier, McGhee, &
Reid, 1983).

SWAT meets many of the practical considerations for use of workioad assessment techniques. As with
other subjective techniques, such considerations include ease of implementation, high face validity,
operator acceptance, relative freadom from interference with the primary task (i.e., intrusiveness),
scorability (L.e., the degree te which ik can be quantified), repeatability and quickness of administration
(Crabtree, Bateman, & Acton, 1984; Courtrigh: & Kuperman, 1984).

There have been numerous studies of SWAT as a workload measurement technique in both laboratory
and applied setlings. Laboratory studies have shown that SWAT is sensitive to differences in task
demands In critical tracking and simulated aircrew radio communication tasks {Reid et al., 1981);
continuous recall tasks (Potter & Acton, 1985); a spatial memory task (Eggemeier & Stadler, 1984); a
shert-term memory task (Eggerneier, Crabtree, Zingg, Reid, & Shingledecker, 1982); simulated air-to-air
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combat (Reid, Epgemeier, & Shingledecker, 1983, cited in Eggemeler, McGhee, & Reld, 1983); and a
probability rnonitoring task (Notestine, 1984).

Most of the appiied studies have used SWAT in aviation applicatioris. This Is certainly not surprising
given the Air Force roots of SWAT and the traditional concem with pilot workload. Skelly and Purvis
(1985) used SWAT in an investigation of a B-52 wartime mission simulation. Haworth, Bivens ard Shively
(1986) used SWAT in a single pilot helicopter, nap-of-the-earth flight simulation. Gidcumb (1985) reports
the use of SWAT in several Air Force applications. Courtright and Kuperman (1985) discuss the use of
SWAT in Air Force test and evaluation environments and found the technique understandable and
accepted by both testers and subjects. Schick and Hann (1987) used a German-language version of
SWAT io0 assess workload in a moving-base cockplt simulator. They report that SWAT was sensitiva to
varied task difficulty.

However, application of SWAT has not been limited to aviation environments. Crabtree, Bateman and
Acton (1984) used SWAT in an examination of over 20 command, control and communication (C3) tasks
(the tasks are not described in datail). SWAT ratings were also obtained in a study of the effects of
experience level on the performance of nuclear power control room craws (Beare & Dorris, 1934).

The reliability of the SWAT card sorts has been typically found to be high: the correlation ranged from
.77 to 1.00 for four pilots for pre- and post-test card sorts (Gidcumb, 1985). Subjects have produced card
sorts as far apart as a year, and over eighty percent of the subjects produced sorts that correlated .S0 or
above (AAMRL, 1987). These correlations suggest stabie workload judgments wili be made across time.

With SWAT, as with other subjective techniques, there is a question regarding the effects of delays
between the workload experience and the rating. Somae research has specifically looked at this question
and concluded that although there were some changes in ratings, short delays of 15-30 minutes do not
affect the overall mean ratings (Eggemeier, Crabtree, & LaPointe, 1983). This may have been due 1o a
counterbalancing effect where some subjects increased rating and others decreased ratings relative to
the baseline. Eggemeier, Melville and Crabtree (1984) found that neither 14-minute delays nor
intervening tasks affected subjective workload ratings. However, Calayed ratings should not be expected
to be exactly the same as ratings given immediately after performance. This is particulary importa:t if the
absolute value is desired, but not as importart ¥ relative values are desired for comparison between two
altemative task or equipment configurations. Additionally, it was tound that the most difficult intarvening
task produced the most discrepant ratings. This finding is troubling because of the analogy that can be
drawn to applied studies. Often the reason for operators not providing ratings when asked is that they are
too busy with a difficult, high workload task. At the next occasion for rating, a difticult intervening task will
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have occurred, therefore, the research suggests that the rating will be lower than i would have been
without the delay caused by the difficult task (Eggemeier, Melville, & Crabtres, 1984).

SWAT appears to be a valid measure of some aspects ¢! workload, particularly those assoniated with
the oparationally detined dimensions of time load, mental effort and psychologicai stress. SWAT has
been found to give similar results to other subjective methods such as NASA bipolar ratings (Vidulich &
Tsang, 1986; Haworth et al., 1986); the Modified Cooper-Harper scale (Warr et al., 1386); magnitude
estimation and equal-inte.va! scales (Masline, 1986); as well as to compare favorably with various
physiological measures (Albery, Repperger, Reid, Goodyear, & Roe, 1987).

Several practical observations and suggestions were made by Gidcumb (1985) in a repert that used
SWAT as a worklioad measure in several Air Force applications. He concludud that "SWAT appears to be
an accurate measure of the workload experienced hy the aircrew participating in the tests surveyed” (p. V-
1). However, several suggestions were made to improve the us of SWAT in applied settings. During the
introductory briefing to SWAT, more emphasis should be placed on what wili be expacted of the
operators. There were observations that some of the operators approached the card soriing task very
casually, as evidenced by cursoiy card sorts. Gideumb suggests that operators be fully intruduced to the
benefits of SWAT to them personally and the importance of the card sort to the entire procedure. The
motivation of the operators is a critical element in the success of the card sort.

SWAT administrators agreed that the operators should be thoroughiy familiar with the rating
procedures, and after six to ten SWAT ratings aircrew felt confident that the ratings were reflecting their
workload perceptions. After 15 ratings, the aircrew reported the iatings interfered little with their other
duties. Practice with the rating procadure and the operational definitions of the dimension levals is very
important in obtaining accurate workload measurss. Without adequaia practics, a leaming effuct may
distort the ratings and botk: relative comparisons and absokute measures of workload wiili have ¢y limited
vaiue.

There were other comments dezling with the gathering ¢f ratings. Some pilots refused to consider
real-time ratings because cf thair concern that it would impose an additional task. An altarnative procedure
was used whare the pilots would review mission videotapas for post-flight ratings. Another way to haridie
missing ratings would be to assign the highest rating (3,3,3) for real-time segments that were missed
(AAMRL, 1987). The operators aiso had trouble deciding what to rate segments that were impossible to
perform or were periormed incorrectly. The suggestion was made that the SWAT administrator needs to
be explicit about what to rate and what kind of ratings should be assigred impossible or ditferently
performed tasks.
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Schick and Hann (1987) suggest that SWAT data collection by planned caretully so that obtaining
ratings does not interfere with tligt duties. Therefore, event-related clata collection (as has veen used in
most studies) appears to be & better atemative than data collection at fixed time intervals. Interestingly,
this ts ditferent from Gidcumb's (1985) recommendation that further research should be done on time-
based rather than tast.-based rating ssgments.

Anothaer observation was that in these applications {and, it can be inferrerl, most oparational
applications), only a small rumbar of operators and data gathering missions are available, therefors sample
sizes are smail. Parametric statistical anatyses may be inappropriate and other descriptive or comparison
techniques may be more appropriate in such cases.

Other issues involve the expansion of the current rating scliame from the three current levels to,
perhaps, iive. Although this might provide greater rating scnsitivity and avoid floor or ceiling effects (as
suggested by Potter & Acton, 1985), the card sort (as currently administerod) with five tevels might
become unmanageable for subjects. However, finding sorne approach to increase the nurnber of ievels
may yield benefits. The use of partial soits, consisting of a subset of the original number of combinations,
may be a possible method, although this has not as yet been thoroughly developed (Nygren, 1985).

There is also a question of the ability heeded to pertormi the card sort procedure. |t is recognizad that
the card son is the key to successfui use of SWAT and that motivation does play a role in how carefully the
cards are sorted. The cards contain combinations of verbal descriptions and there is some anecdotal
evidence to suggest that individuals with fow verbal skills may have dificulty in the sorting task. A possible
solution would be the use of graphical representations. This is an arsa for firther investigation — empirical
data are needed to examine this Issue 10 see if it is a problem. Solutions wiil be proposed and investigated
if this is proven to be a problem (G. B. Reid, personal communication, July $ 1987).

Several other concemns bave baeen raised in addition to the potential problems associated with the card
sorting procedure. It has heen suggested (Derrick, 1983; Hart, 1986a) that three factors may not be
enough to adequately characterize workload. The three factore, it has been suggested, may not be
onthogonal (Boyd, 1983). Harn (1986a) discusses that the assumption that people can accurately
distinguish between the 27 combinations may not be true. Boyd (1983) suggesis that there might be
high interrater reliabilities at the exticives, bui the intermadiaia ratings may be less reliable. A further
concern is that scales with fewer than gix or seven divisions may have response nonlinearities near the
endpoints (Hart & Staveland, 1987).

Summary. The Subjective Workload Assessment Technique (SWAT) uses conjoint analysis to

obtain a workdoad rating scale with interval properties. SWAT uses the three dimensions of perceived time
toad, mental etfort, and psvchological stress to assess OWL. Both scalo development and an event
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scoring proceduras are used. These provide individual rank order of dimension and ratings on the thres
dimensiong for a given task or task seginent. SWAT has been shown to be both valid and reliable as a
measure of workload. SWAT has been uged in both laboratory and applied settings and found to be
sensitive to a variety of task demands. Because of the mult'dimensional nature of SWAT, It is possible to
use the individual dimension scales as diagnostic OWL tools. Care must be taken in the card sort and
gvent-scoring implementation o obtain accurate workload measures. SWAT appears to be a useful
technique for subjective workloa:: assessment in Aimy applications.

Other Subjuctive Rating Scales

There are other rating scales *hat have been daveloped for workload assessment. Often scales are
created fo: specific studies. This has led Shingledacker (1983, as cited in Pofter, 1986) to suggest that
there may be almcst as many scales and checkliste as there are studies that 118e subjective assessment
techniques. Of thene many subjective techniques, a few are presented here as examples of other types
of rating scales that have bean devaloped and used In workload assessment applications.

The Pliot Subjective Evaluation. The Pilot Subjective Evaiuation (PSE) process was developed
by Boeing for use in the workioad evaluation of the Boeing 767 (Fadden, 1982; Ruggiero & Fadden,
1987). The PSE is shown in Figure 5-8. 1t includes both seven-point rating scaies and an accompanying
questionnaire. A validation study of the PSE Is reported although details are not givan in either of these
two papers. The particularly interesting aspect of these scales is the usa of a relerence aimplane (chosan
by the pilot) for a comparative evaluation of workload. Basically, the pilots rated whether operation of the
767 was more, the same, or less dermanding than than the reference aircrafi in terms of mantal effort,
physical difficulty, and time required. Ratings of graater workload indicate areas for design improvements.
An interview, held at the end of each day, provided the opportunity to gather mors information on the
items rated worsa than the reference airplane workioad.

The Dynamic Workload Scale. The Dynamic Workload Scale is another rating scale developed for
an aircraft certification program and has been used by Airbus Industrie (Speyer, Fort, Fouiliot, & Blombsrg,
1987). As seen in Table 5-4, thy scale is a seven-point scale. The technique Includes workload
assessment by both the pilot and an observer-pilot. The scale is administered without detining workload,
allowing the pilot and observer to be guided by their own interpretation of workioad. However, the criteria
for the raters to consider are resarve capacity, interruptions and effort or stress. The cboserver makes a
rating whenever the workload has changed since the last rating or when five or mors minutes have
passed. A cue is then given to ihe pilot to make a rating. The primary analyses of these data were
cumulative rating distributions. Concordanca between pilnt and obsgerver ratings were also examined and
appeared high. Ratings are also plotted along a timeline. Speyer et al. (1987) report a shift in the median
of the distribution of ratings as workioad increased, implying a sensitive measure, atthough no further
details are available.

106




"""""""""""""""""""

‘Bujeog Aq pedojeae() 8eds UOENBATZ BARYBIQNS 101id 8yl '§-G eindiy

8OUBDIOAY
voIsgio)d

i
T O [ 11

S | —— oo

SUOISRG
pUBWWG)

Lol

{sys®; peroojes Joj meidico)

SUORBOINUWLLOD

1
§
“
UOTBULIGILL JO SSSUNYOS)  SIGEIBAY W) "___xv____
|
wd

——— i —— A S Y S G P G W . P S e — . —— —— - . —

onuoD yrg
¥be4 penuep

Bupotuon pue
Bugereds sweisig
ouerd:ty euifiu3

EERGENEINERG EREINERG RN

Bupoluopy e
uopeIedD SN

uopeBiaeN

T (1110 _*My (13 [ _Mmy [ 1111 mmx 1]
mmmw@ am,hm,mmmwwxﬂmw» mmmw% ﬁmwﬂa,mwmw% Amwmn

U Wsod [ewozpoH .
o Bupumsiepun pesnbey ew!; Kurogiig jeoshud Vo3 jewey:

9je2g uojenieal sApdIfaQns 10id

107




Table 5-4. The Dynainic Workload scale used by Alrbus Industrie for alrcraft centlication (Speyer et al.,

1987).
Workload Criteria
Assessment Appreciation
Resorve Capacity {nterruption:s Effort or Stross
Ligta 2 Ample Very
Acceptable
Modera'e 3 Adequate Some Weil
Acceptable
Fair 4 Sufficient Recurring Not Undue Acceptable
5 ; High but
High Reduced Repetitive Marked Acceptable
Heavy 6 Little Frequent Significant Just
Acceptable
Not
Extreme ! None Continuous Acute Accepiable
Continuously
Not
Supreme 8 Impairment impairment impaiment Acceptable
Instantaneously

Analytic Hierarchy Process. A scaling procedure which uses paired comparisons is based on the
Analytic Hierarchy Process (AHP) developed by Saaty (Liddardale, 1987). The procedure was aimed at
obtaining relative estimates of workload after flights. Alil possible pairs of tagsks or task segments are
presented to the operator (in this case, the pilot). if one of the pair is judged to havs higher workioad, the
operator is asked to judga by how much on a scale from 1 {0 5:

1 = equal workload

2 = slightly higher workload

3 = moderately higher workload

4 « very much higher workkad

§ = extremely high relative workload.

Through mathematicai procedures {Lidderdale, 1987; Lidderdale & King, 1985; Saaty, 1980), the ratings
can be used fo obiain reiative judgments of mission element workload. Visual inspection of graphs of
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workload assessments of the same mission elements obtsined by the Bedford scale and the AHP method
show similar results and a rank order anatysis gave high correlations (Lkiderdate, 1887).

Viduich and Tsang (1987) classify the AHP as & relative judgment method as opposed to the absokte
judgments of workioad that are obtained with NASA-TLX or a unidimensional workload scale. All three
OWL scales were used in a single-axis compensatory tracking task with control order detarmining the ievsl
of task difficulty and visual or auditory presentation. All three OWL maasures exhibited ¢t25¢ agreement in
discriminating the task variables, atthough the AHP showed the greatest validity (as measured by
correspondenca to performance) and reliabliity (as measured by test-retest corrslations). {Howeaver, topics
of concemn include how well relative jJudgments cou!d be made acrose more varied tasks, as weli as the
possibility of subjects forgetting details or creating their own hypotheses about task relationships.
Vidulich and Tsang suggest that turther research with the AHP should be pursued.

Workioad/Compaensation/interference/Tachnical Effectiveness. The Mission Operability
Assessment Techniique (MOAT) is another technique that uses conjoint scaling methods (Donnell, 1979;
Heim & Donnell, 1979). The MOAT process was designed to evaiuate overall system operability,
specificailv in aviation environmems. As part of the MOAT process, the Workload/ Compensatiorn/
interference/ Technical Etfectiveness (WCLUTE) matrix and 1ating scale was developed. The WCI/TE isa 4
X 4 matrix which describes technical effectiveness of the systern (4 levels) and pilot workload,
compensation and interference (4 levels) and is shown in Figure 5-9. As in all conjoint scaling techniques,
pilots first rank order the 16 matrix elements and then specific tasks are rated. T 1ask rating can then be
transformed to an interval vaiue from 0 to 100.

Some data on the sensitivity of the WCI/TE are avaiiable from work done by Wierwille and Cornor
(1983). The study used psychomotor tashks in a moving-based flight task simulator. The WCVTE scale was
found to significantly differentiate between three levels of task diificulty. Wierwille et al. (1985) also report
the WCI/TE to be generally sensitive to psychomotor, perceptual, and mediationa! tasks (the WCUTE was
not tested with coramunication tasks). O'Donneli and Eggemsier (1986) suggest that MOAT was
specitically intended for piloting tasks and was not interxied as a direct measure of workdoad.

Summary. These techniques represent severz! additional subjective workload assessment too's.
The PSE and the Dynamic Workload Scale were developed specificelly for civilian aircraft certitication and
provide interasting examples of applied tachniques. The WCI/TE scale has besn found to be a sensitive
workioad measure (Wiarwille et &l., 1985), but currently appears to be of interest only as the conjoint
scaling predecessor to SWAT.
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Multple Tasks ‘
Integrated

Design Enhances
Specific Task 3
Accompiishment

Adequate Par-
forrnance Achiovable; 2

Design Sufficient
to Specific Task

TECHNICAL EFFECTIVENESS

Inadequate Per-
formance Due to 1
Technical Design

Workload Workioad High; Workioad Workload Low:
Extreme; Compensation Moderate; Compersation
Compensation High; Compsnsation Low;
Extreme; interference  Moderate; interference
nterference High interference Low
Extreme Moderats

WORKLOAD / COMPENSATION / INTERFERENCE

Figure 5-9. The WCI/TE scale matrix (Donnell. 1979; Helm & Donnell, 1379).

The AHP is a technique that has recently been used for workload assessment. Lidderdale (1527)
found t#t usetul in &n applied setting, while Viculich and Tsang (1387) tound it more reliable and valid than
two other scales in a sirgle and dual-task iaboratory experiment. Sutficient information is not yet available
to maka juagments on the, AHP for Army OWL assessmant. Further research is needed.

Comparisons Among Rting Scalse

The results of comparisens among diiferent rating scales nave been briafly described in previous
sections. Thera have been several additional studies that have directly compared more than ona
subjective measure of workload. Son... have used :nuftiple measures as a battery of workload assessziment
tools -- others have performed research itended as comparisons and validation studies of the various
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techniques. Table 5-5 presants a matrix of the subjective OWL. techniques that have been discussed in
the provious sections. Within the matrix, published research that has used more than one subjective
technique is Ested. Although it is believed that the primary comparative studies are Ssted, somo rezearch
that could have been included in this table may not have hesn identilied. However, the table iz
representative of the ressarch that has been cone and the gaps that stifl exist.

The Wterature &llogethsr indicates that the techniques that have been compared corraspond well.
Generally, the same rank order of task citficuity are obtained by each technique. Each of the stucies listed
in Table 5-5 is brietly pvasented: o

rart and Staveland (1987) describe the developmeni of NASA-TLX as a refined
adition 5f the NASA-bipolar scales. NASA-TLX was developod to reduca the number
of scales (frum ten to six) by selecting those dimensgions that best discriminated
between task variables, that provided independent intormation, and wers agsociated
with ovarall workload ratings. NASA-TLX and bipolar scales were not compared as
such, but the relationship between the scales and supporting empirical data are
presented in detail.

Hawonrl'\. Bivens and Shively (1986) investigated worklbad in single-pilct opsration in
NOE helicopter missions. They used the Cooper-Harper scaie, the NASA-Bipolar
scaies and SWAT o assess handling qualities (using CH) and workload. Ths
correlation betwgen the Bipolar and SWAT was .67, while CH was significantiy
correlated to NASA-Bipolar and SWAT measures (.75 and .79, respactively). Both
subjective techniques indicated a higher average workioad for one pilot as compared
to two pilots.

Lidderdale (1987) used the Bediord scale to obtain real-time OWL ratings for an
advanced combat aircraft with a two-person crew during low level maneuvers. The
Saaty AHP was used {o obtain OWL ratings in a post-flight context. Visual ingpection
of graphs of workioad ratings tor each tlight segment by both techniques show similar
results. The Spearman rark order Correlation between the Bediord and ANP goures
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shows significam cormslation cosfliciends of .88 for the pliots and .85 for the
navigators. The AHE’ abtalhe & relative, post-iight aszessmont, while the Bediord
scale is considerad an absokrie scale. The author suggesis, however, that the
Bediond scale may be considered relative in that workioa) aisessmems are pwobsbly
made from a baseline of sl previous oxperienca.

Masiing (1988) used SWAT, magnitude estimation, and equal-sppearing inkerval
scales (o assess woridoad of a continuous mcall task where presientation rate, number
of digits and the number of positions back 10 recal were varied. Results indicated
ecual sensitivity among the three techniques. Corvelations between siabjective and
parformance measures wers significant. Masline comparead the three tachniques with
other criteria: ali three appeared equivalent in terms of senshivity, predictive
capabiity, obtrusiveness and oporstor acceptance. Howwever, SWAT appearsd to
have greater diagnhosticky bectuse of its multidimensional nature. The easiest
technique to administer was the squakinterval scale.

Tsang and Johnson (1967) used a battery of three subjective measumes to assess
workioasd i severs! manual and gomi-automnated tasks. The NASA-TLX scals, the
Bediord scale, and a unidimensional Overall workicad scaie ware used. The NASA-
TLX and overall workioad oceles cisplayed veory similsr trends for the differont tasks.
Interestingly, the opsrator workinud ratings showsd a tralning oifect evidenced by a
decreise in ratings in ietar sessions (i.e., over three sessions). The authors suggest
these findirigs demonstrate the sensitivity anc robusiness of these measures.

This slightly different ratings obtained trom the Bedford scals wens interpreted, in ight
of multiple-resource theory (Wickens, 1080), as supgortive of the abliity of the
Bediord scales 10 assess what k clawts 10 asssss, that is, spare capacty. The authors
do caution thii thess cunclusions are baved on imited duta from ohly six subjects.

Vidulich and Tsxiig (1988) (seo alsc Vidulich & Tsang, 1985a & 1985b) used both
NASA bipolar scales and SWAT ratings w0 assass workioad in a laboratory study using
trarking and spatial transformarion tasks. Both techniques digplayed senshivity 1o the
various task ciemands and, in generai, provide simiiar resulis. Haworth st al. {1986)
also found a significant correlation between the technkpues (r = .67), but & is not as
high as that found by Vidulich and Tsang (r= .78). However, specific differences
were found. A major ditference was that the bstween-subject variability was
consistently lower for tho NASA bipoiar ratings than for SWAT. it was suggested that
aven with the high level of concordance between subjecis’ rank orderings, the SWAT
scale development still represents a group average. For the bipolar scales, howesver,
the weighting procedure individualizes the workioad score.

The relstive ease of use of NASA bipolar and SWAT were also compared. SWAT can
be used in real-time data colectior: as it only requires choesing cne of thres levsis for
the three dimensions. The NASA bipolar scales require a break in performance to
collect the ratings. However, the SWAT card sorting procsdure takes at least 20
minutes and may take as long as one hour. it was suggested that the NASA workicad
parameter comparisong were easier to perform and require about 10 minutes to
romplets the 36 paired comparisons.

Melher technique was able to detect resource competition effects in dual-task
shuations, in response execuiicn processing demands, or in the dynamics of
difficutty changes. it was not certain it this resulted from inherent limitations in
subjective methods or in the limitations of these two techniques in particular.
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Viduiich and Tsang (1987) classify the AHP as a reiative judgment method as
opponed 10 the absolute ludgmants of workload that are ottalned with NASA-TLY or
a unidimensional workioad scale. Al three OWL scales were used in a single-axis
corpensatory traicking task with control order determlning the leve! of task diificulty
ardd visval or avctory presenation. Al thraa OWL mnsasures exhibited close
agreament in discriminating the task variagbles, atthouph the AHP ahowsd the
preatest validity (as measured by cormespondencs to performance) arxd reliability (as
rnoasurad by test-retast correlations). However, topics of concern include how well
relative judgments oculd be madie across more variad iasks, as well as the possihiiity
of operatory. forgetting detsils or creating: and reporting their own hypotheses about
tusk relationships. Vidulich and Tsang sugge st that the AHP appears promising and
turther research shouid be pursued.

Warr, Colie and Reld {1986) used both SWAT and Mcdified CH to obtain workioad
ratings in & laboratory setting for both a cognlitive and a motor task, each with three
levels of difficulty. A linear transforimation of SWAT scores was periormed to make
them equivalent to the Modiiied CH scores (corventional rounding rules are
assumed). No statistical evidence was found that the scales differad in sensitivity.
tHowever, both scales were found tu discriminate betwoen task difficulty levals. The
authors point out that, although the scaies were fourk! to be equally sensitive to the
task manipulations, the SWAT subscales might provide nore diagnostic information in
an applied setting.

Wigrwille, Casali, Cennor and Rahimi (1985) describe a study in which 14 workload
measures including two rating scales werg ovaluated using perceptual tasks in a
moving-based flight simulator. The perceptual tasks involved seeing warning lights
on the instrument cortrol panel and responding via a pushbutton. Both the Modified
CH and the WCUTE rating scales were used to obtain workload ratings. Both rating
scales showad a monotonic increase in ratings as tha task difficulty increased across
three levels. The scales differentiated betwaan high and the other two levels of task
difficutty. Little differarce was found in the abiiity of the two scales to reflect changes
in workload.

Wierwille et al. (1985) also report a similar axperiment using mediationa! tasks
comprised of finding geometric and mathematicai solutions to various navigation
problems. Once found, the solutions ware not implemented. The Modified CH and
WCI/TE were used to obtain OWL ratings. The Modified CH showed a monotonic
increase in workload ratings as difficulty increased while the WCI/TE ghowad no
diference between low and medium difficulty. The Modifled CH would therefors be
recomraendexd as the better rating scale for OWL assessment in mediational tasks.

Wierwille and Connor (1983) evaluated 20 workload measures inciuding two rating
scales using a psychomotor task in a moving-based fight task simulator. Both the
Cooper-Harper and the WCITE scales were ussd. The resuits indicate that both
rating scales significantly discrimirated between aach of three levels of task difficulty.
The normalized mea-is u! each difficulty level corresponded exactly in rank order and
closely in magnitude. Both scales were found sensitive to and are recommended for
workload measurement for psychomotor tasks.

Wieiwille, Skinper and Pieger (1984) conducted two studies to test whether the
sensitivity of the Modified CH could be increased by changing from a 10-point to & 15-
point scale or bv changing the format to computer-based or tabular form. Increasing
the categories from 10 to 15 did not consistently improve sensttivity. In general, they
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conciudad $hat the original Modified CH was the most consistently sensitive measure
of vhe five altamativas tested,

Two ohseivations can be mide ragarding the comparative studies of subjective workioad measures.
Tha first observation is that, when the techniques &re used for the same task, in general the results are
vary simiiar, In all studies using two or mora ditferent techniques (excluding Wierwille et al., 1984 and Hart
& Staveland, 1987), the sanw rank nrder of ditticully was found for the task loadirgs. it appears that each
of the tachiniques described, when carefully plenned and implemonted, can provide useful assessments
of OWL.,

The second observation is that more comparative work of this kind should bs done. Following the
traditional lead frern psychomatrics, it is beligvad that factor-analysis and other structural investigations
would provide a sironger base for comparisons among techniquas. Certainly, comparisons of the various
fechniques are reguirad for systems appications of inerest to the Army.

issuas Concemning Sublactive Rating Tachniques

Dissociation between Subjective sixi Performance Maasumnmg

Subjective wotkload measurement and operater performance are generally highly comrelated during the
early and middle stages of overload. Higher subjactive ratings of workload are obtained in parallel with
worse performance. However, this pattem is not always the one obtained in OWL assessments. Fer
example, a dissociation between performance and subjoctive measures may occur where one task is
parormed betier than another but is perceived as having higher workload (Yeh & Wickens, 1984). The
idea of dissociation betwaen subjective measures and performance is troubling because it indicates that
opposite conclusions rmight be drawi, depending on whether subjective or performance measures are
used for evaiuation.

Although this continues 10 be an active research area, several conclusions of interest to practitionars
have been drawn. In general, subjective experiences are more assessable via introgpection and verbal
roponts when thay are in working memory (Ericsson & Simon, 1880). Therefore, perceptual and cognitive
elements (i.e., those elements associated with working or long-term maemory) will be more salient in
subjective reports than those elamants that are assoclated with response execution such as control
manipulation. Yeh and Wickens (1984 ran a saries of experimants to investigate various hypotheses
regarding dissociation. Based on the resuits, they conclude that the strongest dissociation occurs
between single task difi‘cully and a dual task combination. When pernlurming two tasks together,
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increased cognitive management is needed for processing and coordination. Therefore, subjective
tiimatas will be higher ihan actual performance dacrements in an gasy dual task in comparison with & hard

singlo task. Yeh and Wickens also found nuimbers of display elernents incraased the subjective workload

expsniance although tracking performance was helped with the multielement predictor display.

Viduiich and Wickens (1886) make sevsral obsservations on the implications of dissociation between
subjectiva OWL measures and performance. One observation is that the usefulness of subjective
measures may be reduced in detecting the individua! workioads of single subtasks in a multitask
environment. Therefore, ithe authors suggest, subjective OWL measures should be obtained on
important subtasks in a <single-task environment, if possible. Otherwise, perhaps the multitask
environment differences shouid be weighed more heavily than those found in a sinQie-task situation.
Another scurce ol dissociation {§ suggested 10 result irom subjects’ logical analysis of the situation.
Vidulich and Wickens, for example, slowed down the presentation rate of stimull, this disturbad the
subjects response rhythm, and consequently degraded performance. However, the subjects’ perceived
the slower rate, and logically deduced that this should cause lass workload, and based their ratings on that
analysis. A third dissociation found by Vidulich and Wickens is that associated with increased mvtivation,
Higtier levels of motivation (induced by bonus pay) &ided performance but led to perceptions of higher
workiocad. The implications for operational settings include the importance of maintaining constant
motivation levels for different subjects and tasks during system evaluation. The authors emphasize the
impontance of subjective measures in situations where new or interesting alternatives might influence
performance and obscure actual differences in OWL.

Vidulich (1587) restates the observation that "subjective workload assessments are sensitive to
manipulations that influence the perceptual/central processing demands and relatively insensitive to
manipulations thai influence response execution demands” (p. 8). Tharefore, subjective measures are
particularly ussiul in situations where operators are system monkors and the primary tasks are involved
with perception and decision making. '

Practitioners do need to be aware of possible causes of dissociation of subjective workload measures
and performance. Several practical implications have been mentioned as well as suggestions for ways to
handle them. The bottom tine is that neither subjective nor performance measures shou'd be used as the
sole basis for assessmernt of OWL.
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Delay of Ratings

The effect of delay in operators giving ratings has been briefly touched upon in previous discussions.
The concem is that if operators are unabie to give ratings in real-time, the passage of time and behavior
that follows may affect subjective workload assessmants which are made. Short delays of up to0 15
minutes have not been found to have a significant effect on subjective ratings (Eggemeier et ai., 1983;
Hart at al., 1984), atthough some differences were exhibited when a diificult intervening variable was
presented (Eggemeier et al., 1984).

Video recording the operators' activities can serva as an aid for collacting ratings in a post-test session.
This method was used and determined to he a viable alternative to real-time ratings by Gidcumb (1985)
when using SWAT. Although this muathed of video taping activities for post-test visual recreation has not
yot been reported extensively in the literature, it appears to be a viable alternative when real-time ratings
are not availabie due to safety or other practical conrtraints. Ancther alternative would be the use of the
AHP technique to obtain relative comparisons of QWL during post-test sessions (Lidderdale, 1987;
Vidulich & Tsang, 1987).

Reistive vo. Absol.ite Measuremants

There are two ways in which ratings can be used. First, several OWL ratings can be used in a ratative
sense to compare whether cne fask or activity has been percaived to have a higher workload than another
task or activity. Second, absclute subjective OWL ratings are intended to indicate the leval of workicad
without reference to any other 1ask or activity. However, the question remains whether any subjective
workload rating scale can be used ic make absolute judgments. Subjective opinion is largely based on
experience. As Lidderdale {1987) observes, "it Is possible that «'Il assessments of workload are made from
a baseline of comparisons with other elements in the flight and, ¥ this is the case, all rating methods may
be relative” (p. 73). The absoiute judgment of workload may be based on what has been experienced
previously; the highast workload axperienced may be the touchstone of what is considered high
workload. If move difficult or intense tasks are perforrned, the touchstone for high workload may change. 1t
is uncertain if individuals can possess an absolute scale for OWL that will remain stable over time.

Some OWL techniques are explicitly relative, such as magnitude estimation or the AHP. Other scales
address the issue in a diffarent way. The NASA scaies, for example, ash operators to judge the relative
importance of scale dirnensions with respect 1o each individual task, thereby producing weightings for
individuals by task. Individuais' card sorts of SWAT have been found to be relatively stable over time and
the operational definitions of the levels of each dimension remain constant. it could be infe:red then, that
each individual would have an absolute workioad scale. Thare is an anecdotal impression based upon
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such an interence that a SWAT rating of 60 or greater indicates a high workload condition. Centainly, a
high rating on any scale should be pursued as a potential indication of OWL problems, although the
relative nature of subjective ratings may lead to inappropriate interpretations and conclusions. The relative
nature of sudjeciive ratings also cautions against comparing systems evaluated in different studies (e.9.,
subsequent models of the sama combat system).

individual Ditferences

The issue of differerices between individuals in the perception of workload is a continuing question ot
interest to researchers and practitioners. In the context of subjective measures, the issue is nne of
individual definitions of workload and what aspects of a particular task or activity are considered relevant to
the assessment of workload. The NASA-TLX was designed to specifically adkiress this issus by using
individua! weightings of the importance of each scaie dimansion te obtain a workioad rating. This has
been shown to reduce the between-subjects vadation (Ha.: & Stavelaind, 1987, Vidulich & Tsang, 1986).
The conjoint analysis used in SWAT seeks to account for individual differences through the scale
development (i.e., card sort) procedure as well as the development of prototype scaies (Reid, Egygemeier,
& Nygren, 1982). The use of z-scores provides comparability between the widely varying scores
produced via magnitude estimation. However, because of the intersubject variability, QWL eval:ation
must always uss a sufficient sample of subjects, otherwise mean scores abtained in tests may not provide
sencitivity.

OWL intersubject variability is also of concern because of its potential implication for selection of
personnel to operate systems. Do differences between individual ratings reflect orderings of capabilities
for handling systems? Unfortunately, there is a dirth of information concerning the interrelationships
between individual differences in ratings of workload and information processing-related variables used by
the Army such as the ASVAB. OWL individual ditferances are therefore an area for investigation because
of the implications for the Amy.,

Questionnaims and interviews

The second broad area of subjective methods are those that use questionnaires, interviews and other
techniques to obtain estimates, judgments, evaluations, comparisons, attitudes, beliefs or opinions of
people (Dyer, Matthews, Wright, & Yudowitch, 1976). Such methods are frequently used and are seen as
useful (Meister, 1986). The major reason for the widespread use of such methods is that they are
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perceived as easy and quick to adrinister, particularly in field {est environments, and inexpensive to
davelop and produce.

SO nNires

Quastionnaires are forms in which written questions are asked in a fixed order and format anc to which
respondents write their answers. The questions may ba cpen-snded, allowing respondents to write in
their own words and make any answer, or close-ended, where the choice of answers lias been previously
establistied, such as muitiple choice or true and false. Meister (1885) states that the resuits of studies
(Ellenbogen & Daniey, 1962; England, 1948; Kohsn, de Mille, & Myers, 1872; Prien, Otis, Campbell, &
Saleh, 1964; Scates & Yoeman, 1850) suggest that open-ended questions may provide unique
inforration, but close-ended questions are more reliabls. A numbar of ..ources are available for guidance
in tha development of questionnaires, inciuding the advantages and disadvantages of various types of
questions, sequancing and wording of questions, etc. {Dyer et &l,, 1976, Meister, 1985; U.S. Army Test
and Evaluation Command, 1975).

The developmeni of useful questionnairas requires not only the choice of question types and proper
wording, but aiso the cornitent of the questions - What do they agk? Thay need to be designed to oltain
the desired infermation. Pretesting of questions to ensure their appropriateness to the desired end as
well as planining of the data analysis are important to a questionnaire's vahie.

The advantagas of questionnaires are that they are less axpensive and can be completed taster than
interviews or ratings. Questionnaires ofien can be handed out and collected without attaching names to
the answers; hence, they can be more anonymous than interviews. As a result of their anonymity,
questionnaires may gamar more self-revealing and unfavorable reports than interviews which rely on one-
on-one communication. '

Thera are problems associated with the use of quastionnairas in test and evaluation environments.
System experts may devise the questions and ot have expertise in questicn devalopmernt. Yet, as a
result of the ease of putting together a question, there is a teridency for questionnaire use to proliferate.
An example given by Taylor and Chariton {1986) describes widespread respondent burnout from having
answered too many questionnaires that were too xong and not focused 2n the operator's activity. The end
result was a vast collection of meaningless data. The frequent use of not well-thought-out questionnaires
can result in data that are large in quantity but limited in usefulness.

A recent move has been in the direction of creating computerized systems to create well-constructed,
focused questionnaires for specific purposes. Enderwick {1987) gescribes a system where a catalog ot
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well-crafted guestions on human factors test and avaluation topics is avaliable to operational test directors
(OTDs) who may chooss any number of applicable quastions. The questions ara printed oul (with the
name of the equipment substituted for the word "equipmeit” s8¢ that the questions appear designed for
that test) and can be re-ordered by OTDs. The final package is printed out with a cover page, an
instruction page and the questionnaira. The computerized questionnaire system is designed for use by
people who did not necaessarily have any human factors training. Test directors could design
questionnaires to meet their needs and new questions could be added.

Taylor and Chariton (1986) have developed an automated sdaptive questionnaire which used a
branching cancept to delermine what questions will be asked cnntingent on the answers to previous
questions. The respondent answers gencral questions on a seven-point scale and it the answer meets
some predetarmined criterion (e.g., -2, with -3 being tha most negative score), more detailed questions
will be asked. The continguncy branching method is most suitsble for computer implemeantation.
Computar irnpls nentation also dllowe on-site data analysis oi answers. Note that questionnairo
procedures may incorporate a scaling method tiws blurring the distinction between rating scale arid
questionnaire.

Questionnaires are commonly uised in test and evaluation environments (Enderwick, 1987; Meister,
1986). Anecdotal evidence indicates they are cormmonly used for workload assessrarnt aithough the
specific questionnaires are rarely found in the research litarature. It certzinly appeais that the
development of workload questionnaires aided by computers couid be helpful to Army analysts. It seems
that sufficient information is currantly availabie to create a universal set of general workload assessment
questions that can be tailered for specific application. However, further development of this concept is
needed before such a tool is avallable for use.

interviews

The interview is an interparsonal interaction in which the interviewar soeks informaticn or opinions from
the respondent. It permits more flexibility than the traditicnal questionnaire. It allows tha interviewer to
foliow-in on the answers given and thereby gain insight into areas that may not have been addressed in a
wriiten questionnaire. Disadvantages of the interview method are that it Is very costly in time and, because
of the personal communication, respondents may ba less lkely to report anything negative and may also
be infiuenced (consciously or subconsciously) by the intarviewer. Interviews cau iak. place one-on-one
or with groups as in the casa of crew operations. Key questions can he determined ahead of time and
pretested for understanding, likely respoiizes and the information they contain (Meister, 1985). Both
Dyer et al. (197€} and the U.S. Army Test and Evaluation Command (1975) provide information about
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imerview considerations, procedures and analysis. Intervisws are useful to obtain unique information and
opinions about workload. Meister (1585) suggests that test participants shouid aiways be intarviewed to
learn how the participant viewed the tast situation. If the view was ditferent from that intendad by the test
director, then the data may have been affected.

Protoeol Analysis

Protocol arialysis requires operators to verbalize their thought processes or performance. This methon
has been used extensively in computer interface research as a way to find out how an operator solves
problems or discovers the appropriate commands to use. Protocol analysis relies on the ability of the
subject to determine imtrospectively thought processes and then verbalize them, either during task
performance or afterwards. Verbal protocol is listed as an available subjective workload method (Hart,
1986a). Brown (1982) writes that such verbai reports can be very informative, but during high workioad,
operators may not have the time to provide complete information. (in a sense, the veroal report is a
secondary task.) Verbal protocols and analysis may provide useful informaticn, particularty in computer
interfaces where such techniques have previously been used.

Summary

Questionnaires and interviews provide an important adjunct to workload estimation. Proper
questioning can provide insight into the causes of problems assoclated with workload. Furthermore,
quesiionnaires and interviews provide an opportunity for subjects to give their detailed impressions ot
system operation and how it might be improved. Rating scales are usually too highly structured to provide
detailed, subtle impressions. Quastionnaires and interviews require careful constructior and should be
usec tc obtain more detalled i.formation in all workload assessments. Possible enhancements to these
subjective measures are an autormated questionnaire design t0o! and the use of protocol analysis.

Summary and Conciusions

The need for subjective techniques for worklecad assessment in applied settings has been identitied
and substantiai eforts have been directad toward obtaining a solution as evidenced by the amount of
research performed and reported. Several recommendations can be made based on the review and
analysis of the subjective techniques and the issues involvad in their use.

- Subjective measures can provide valuable information concerning the operators’
putcaption of their workload experience in specific taslks or activities. Subjective
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technigues have been demonstrated to be sensitive and should always bs included
in an evaluation wherever possible.

= The questinns of interest to the sysiem designer or evaluator should be detined
hefore choosing a technique by which 1o obtain answers. Overall woikload ratings,
such as the Modified CH, will provide a global assessment and can identify potential
problems or workload chokepoints. More specific information, like that available
through muitidimensional scales or questionnaires and interviews, will be necessary
1o potentially diagnose specific sources of workload and identify solutions.

« The value of qualitative information, like that obtained from questionnaires or
interviaws, should not be underestimated.

« All subjective measures, including questionnaires and interviews, must be carefully
planned and implemented to obtain vaiid and useiul data.

»  The OWL evaluator should be aware of the measurement scale characteristics (ordinal
vs. interval; uni- vs. multi- dimensionz!) and to what extent these characteristics will
influence the interpretation of results and conclusions that can be appropriately
drawn,

« Multidimensional scales, like NASA-TLX and SWAT, offer the opportunity for using
the subscale ratings in diagnosing OWL with respect to speciiic system design
characteristics.

« Available eviderice indicates that Moditied Cooper-Harper, NASA-TLX and its
predeuve isor, and SWAT are sensitive to differences in workload. Substantial
research supports their use in OWL assossments |e2ss infarmahan le ~urrantly
available on the Bedford scale and AHP. The original Cooper-Harper scale has been
found to be particularly sensitive to psychomotor tasks in aircraft environments. it is
not known if it is equally sensitive to psychomotor tasks in other system control activity
{e.9., tank operation).

« Psychometric scaling techniques have been shown tc be sansitive to differences in
task manipulations. These are viable alternatives although a certain degree of
tnowledge concerning these tachniques is required in order to meet necessary
design, implementation, and mattiematical requirements.

« The use of observers as well as operators to make OWL ratings is an alternative in
workload assessment, athough trade-offs in information quaiity exist.

Subjective OWL assessmants can provide useful and valid information for the Army if thare is: (a)
careful definition of questions to be answered; (b) careful solection of technique; and (c) careful,
consistent implementation of technique in a laboratory, simulator, or field environment.
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CHAPTER 6. SECONDARY TASK TECHNIGUES

An imporiant reason for measuring oparator workload derives trom the objective of designing human-
machine interfaces that will optimize syetam perinrmance. To do so recuires knowiedge of the work
capacities and imitations of the human cperator.

Secondary task techniques have been employed as a tool 1> aszess the work capacities and limitations
of the human oparator with respect to primary task performance. Typiraily, the secorxiary task paradigm is
used in applied settings 1o assess the workioad associated with & primary task such as piloting an aircraft.
To derive the workioad associated with the primnary task, the operator is required to perform an additional or
secondary task simultaneously with the primary task. The relative workicad assoclated with the primary
task Is refiected in tha levels of performance on the secondzry task. That is, because primary task
performance requires the utilization of the resources and capabilities of an operator, secondary task
performance will refiect the remaining resources and capabilities or relative spare capacity ot an operator.
For example, it the operator Is fully loaded by the primary tusk, periormance on the secondary task may be
unacceptable. By contrast, if the operator is only partially loadsd by the primary task, performance on the
secondary task si.ould be acceptable. (See Chapter 2 for a Jescription ol the relation between human
performarnice and operator workload.)

A critical aspect of tha secondary task paradigm Is the deteiTnination of acceptable and unacceptable
performance on the secondary task. This determination ity be accomplished by establishing the
performance level on the secondary task withiout the primasy task, and than cornparng this baseline
performance leve to secondary task performance with the primary tasv. The determinati::n may also be
accomplished by varying the difficuity of the secondary task while th s operator maintains the primary task
performance. Then the comparison is on secondary task performance across the levalg of difficulty.
Through these various manipulations, the secondary task paradigm offeis the practitioner a means to
assess the relative workioad associated with a primary task which may not be apparert from primary task
measures alone.

Secondary Task Paradigm: A Solution or a Problem?

The secondary task paradigm encompasses several techiiques that have been employer to assess
the spare capacity and resources available for additional work when performing a primary task. There have
been many reviews on this topic over the past 25 years. For example, Knowles (1963), O'Donnell and
Eggemaier (1986), Ogden, Levine, and Eisner (1979). Rolfe (1971), and Williges and Wienviile (1979)

123



have all provided reviews of the techniques as weil as the methodological issues associated with thair
usage. Because tecondary task techniques have received 1 consiuarable amount of attention, it would
seem appropriate 10 assume that guidance in the usa of such lechnijues would be straichiforward ana
readily available. This is not the case.

To illustrate, Gopher and Donchin {1988) andd O'Donnell and Eggemaler (1986) disagree witii sach
other in the same voiume of the Handbook of Parception and Human Performance concerning the
methodological issues that should be addressed in implementing a secondary task technique.
Specifically, O'Donnell and Eggemeier support clair s that the secondary task must not interfere with the
perforrnance of ths primary task. By contrast, Gopner and Donchin take exception to such a position and
support the position tiat it is legitimate for secondary tasks o interfera with performance of the primary
task.

For the practitioner concerned with oporator workload, such mixed meossages regarding the
implamantation of secondary task technigues are iroublesome. in fairness to the authors just cited, their
apparant disagreement illus.rai@s the ditferences in opinion faund in the Eterature in how best to select,
implement, and interpret secondury iask measuras. The reasons behind such disagresments are based
on: {a) theoretical grounds, (b) the findings froim the plethora of secondary task studies, and (c) practical
considerations. Thase are briefly discussed below as background for our approach for use of secondary
tasks.

Theovotica!

Measure Spare Capacity. One theoreticol position has espoused the secondary task paradigm as
a too! to provide an uncomaminatec measure of the spare capacity or resources not expended with a
primary task (Kahnemari, 1972). This is the view of O'Donnell and Eggemsier {1986}. Such a theorstical
position requires the primary task performance to be stable wken the secondary task is concurrently
performed with the primary task. Then and only then can changes in secondary task performance tw
interpreted as a reflection of spare capacity lefiover from primary task demands. (See Kantowitz {1985] for
a critique of the spare capacity concept and the problems assc ciated with such a concept as it relates to
measures of performance.)

Locad the Operator. A diftsrent theoretical perspactive Is to view the objective of the dual task
paradigm to be the measurement of the operator's ability to parform adequately two tasks concurrently
(Schneider & Fisk, 1982). This is the view of Gopher aind Donchin (1986). This theuietical position
maintains/argues that changas in primary task performance when a secondary task is pertormed
corcurrantly reflects an inefficiency in bhuman performance in the duai-task situation as opposes to a
methodokgical flaw.
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Wickens' Resource Model. Another importarit theoretical tormulation is Wickens' Resource Modsl
(Wickens, 1930). The resource model has been offered as a guide for secondary task selection with
respact to the nature of such tasks (O'Donnell & Eggemeier, 1986). The mode! dapicts the overali hiurnan
irformation nmcessing system as coinposed of mutiiple but separate processing structures/resources,
each of which can have capacity kimitations and be a potential bottleneck in the human processing sys:em.
These separate processing structures are defined along the following three dichotornous dimensions:

+ stages of information-processing (perceptual/central-processing operaticn vs.
response selection and execution),

= modalities of perception (auditory vs. vigual), ard

« codes of information processing and response (spatial-manual ve. verbal-vocal).

Each processing structure has its own limited supply of rasources which are not interchangeatle with
cther processing structures. [t is suggested that the secondary task be selected so that it hias the same
processing structures utilized by the primary task. In this manner, the secondary task is more sensitive in
identifying the levei or amount of spare capacity (O'Donnall & Eggemaeier, 1986). In suppert of this
position, Shingledecker, Acton and Crabtree (1983) conducted a study that demonsirated that the
sensitivity of the secondary task performance varied as & function of the primary task resource demands
according to Wickens' model. Such resuits are promising, but it may not be readily apparent which
processing structures are dominant with performance on a complex system such as a helicopter.

Summary. Therefore, depending upcn one's theoretical position and primary interest in using the

secondary task paradigm, the selection of a particular secondary task technique will vary. As a result,
sacondary task selection in applied settings may still be difficult.

Results of Studies: What to Belleve?

Another contributing factor to the apparent confusion concurning the appropriateness of various
secondary task technigues stems from the difficulty of simply interpreting reported findings. For example,
Ogden et al. (1970) provided a table containing 144 secondary task studies and listed the major findings
from these studies. Perusal of the table reveals that for most secondary tasks one study can be cited to
show improvement, another degradation, and a third no change in secondary task periormance. It is
consequently not readily apparent which secondary tasks are most appropriate to assess OWL. Appendix
A contains a detailed review of the secondary task iterature which iliustrates this compiaxity.




Practical Coneitlenstiona: Regserch ve. Appilisd Context

~ The vast majority of the work done with sacondary tasks has been conducted in consrolled iaboratory
situations. As a result, gsecondary tasks that have been found sansitive and capable of measuring spare
capacity in laboratory situations rmay not be spplicabie in applied settings. For safely raasons, for example,
flying a helicopter preciudes the use of any secondary tasks that wouid possibly interfere with the pilot's
ability to maintain controi over the aircraft. Another practical congideration is that the slaboraie
experimental procedures usually required to implemsrnt a secondary task paradigm may be excessive for
many system development etforis in terms of manps - y and time constraints.

The remaining sections ol this chapter consider secondary task techniques as used in applied
workioad sssessment settings. Rt differs from other chapters in that we refrain from reviewing all the
ilerature at this point for two reasons. First, thers is a tremendous volume of Kterature. Second, most of
the literature is theoretical and acadernic in nature. Akhough much of the discussion in the Eterature is of
considerable importance in understanding how cognitive components of workload impact human
performance per se, it may be of gecondary importance to the individual evaluating a system. As an
alternative, we have opted to put ths mors general review of the kterature in an appendix (Appendix A) so
that it is available for the interested raacier. We will now discuss our approach and then we wili presant
examples conceming design issuas and suggest applications of secondary tasks.

Our Approach

The probieris facing the practitioner interested in workioad assessment are: (a) knowing tho
circumstances in which secon:iary task techniques are appropriate, and (b) which ones to use. Our
approach is a systematic atitempt to provide such angwers In identifying appropriate secondary task
techniques within the coitext of a sysiem development effort. The approach is directed from a very
pragmatic philosophy. That is, secondary tagks offer utikty for a systaem development effort when such
tasks are used to load the operator and drive hirn to the performance enveiope boundary. The purpose is
to determine how much more can the operatoer do. This chapter describes the most praciical secondary
task techniques that ailow such measuremants.

To evaluate the appropriateness and utility of secondary tasks in applied settings, it was deemed
necessary tc examine the specific design issues or concermns that would call for using secondary task
techniques. M is important to recognize that the basic secondary task paradigm encompasses several
different techniques which manipuiate or vary the parameters of secandary tasks in order to identify
potential OWL problems with g primary task. We judge these various techniques for their appropriateness
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i engwaring speciiic design guastions by reviewing the Merature in suppori of such technigues. The
wtiifty of sescondary lask technikques way Rigo examnined with respect io mesting thi Army nesd for
workivad techniques that are relatively easy to implomers, tan ba used to idemtky OVWL problerns whkin
complex systems, and provide relatively giraightiorward application for data coflection and analys!s.

Sacondary Task Techniquas In Appilsd Settinga

Previous reviews noted that secondary tagk techniques are most appiicable (o early design gtages of
sysiems in coniroliad laboratory sattings {e.¢., Schifient, $976;‘mem«a & Williges, 1979). Several facinrs
have been suggested for their lack of use or applicability during the later phases of the systam
developmant process (Ogden et al., 1879; Shingledecker et al., 1980). For example, Ogden et ai. (1979)
noted that secondary task techniques may not receive uniform operaior acceptance. As & resuft,
operators possibly wili run the gamut from naglecting the secondary task altcgether 1o assigning it such a
high priority that R artificially contaminates and changes the test situation. In sither casa, the regults from
uch test situations will not accurataly assess the amount of resources commitied to the primary task or the

amou™ of spare capacity remaining.

Mors recently, researchers have suggested the applicability of some secondary task techniques for
use in simulations as well as the {ater phasas of system development (2.g., Bortolussi, Hamowitz & Han,
1986, Shingledeckor, 1987). These techniques are designed to alleviate problems such as:

¢ instrumentation limitations which preclude the use of secondaiy tasks into systern
prototypes or high fidelity simulators,

» potential task intrusion caused by the use of sacondary tasks, and

«  pcor operator acceptance of secondary tasks (Shingledecker, 1987).

Such techniques ofter great promise for the Army since they sesm (o overcoms the potential objections
conceming operator acceptance and ariiicial intrusiveness on primary task or system performance. in
addition, these techniques are reiatively easy i inplemsnt. Four specitic design and development
examples in which these secondary task technigues offer the greatest utility are described in subsequent
sub-sections. For each of the sxamplas, a brief description will be given and subsequently discussod with
regard to appropriate secondary task techniques. These discussions are intended only to provide
sutficient detail for understanding secondary task techniques. Following discussion of the examples,
consideration of other potential secondary tasks will be given. Our integrated approach to a workloac
assessment battery containing several different types of techhiques is discussed in Chapter 8.




Systam Desgign and Developmeni Example 1

Dascription. Successiul operation of & system requires that the operator routinety parform sevaeral
tasiks in order to carry out a mission (e.g., tracking targets, radio communications, weapon Celivery, ei.).
You are interestad in knowing whether an operator can adequately perform thesa tasks. Specifically, are
there limits in the operator's capability to perform these tasks, such that if the Emits are exceeded the
operator's performance deteriorates? (This is an e.ample of overloading the operator, aithough
sxperinents do not always show raduced performance on th2 primary {ask.)

Considarstions for Secondary Tesk Techniquez. The embedded secondary task technique
developad by Shingledecker and coiisagues (Shinglodecker, Crabtree, Simons. Courtright & O'Doannell,
1980; Shingledecker & Crabtree, 1982) offers a means for such an assessmant. The concapt of the
ermbeddad secondary task is based on ovarcoming the problemss of implementation, irtrusiveness, anc
operator accoptance mentioned eariier. The embedded secondary task lechrique alleviates these
concems by utilizing an existing sub-iask of the system, such as radio communications as ihe secondary
task, that is fully integrated with existing system hardware and software and with the operator's conception
oi the mission environmerdt. o ilustrate, Shingledecker and Crabtrae (1982) repoitad a study in which
they used the radio communications task in an aircraft environment a5 the embedded secondary task.
They scaled the various task loading properties of several radic communication messages. The task load
is the work pilots are required to perform in rasponse 10 such radio messages such &8 request for radio
frequency change or request for traffic information. Based on thaly scaling of radio message task load,
they were abie to infer tiiat increaged communication load produced decrements in the primary task
pedormance of operator tracking in a tkght simutator. Similarty, radio messages that were more demanding
also elicited signs of vverload In secondary task periormance; the operator took longer to purform
required actions in response 10 such messages when comparsd to control conditions, L.e., the radio task
by itsell. Suci: findings encourage the use of embuedded secondary tasks In assessing the Fmits of
operators’ workicad capabilities.

Similar findings have been reported in several simulation studies (e.g., Wierwille, Casali, Connor, &
Rahimi, 1985). The primary task in the studies reported by Wierwille et al. (1985) ra:juired pilots 1o
maintain a steady course under simulated conditions (e.g., mild random crosswird). Within each study. a
task that can be dascribed as an embedded secondary task was manipulated to increase the demands on
the operator by the tasks. For example i one study, they varied the number of warning and emergency
lights that pilots wers required to detect (monitoring task). In another study, thay varied the coinpiexity of
wind-triangular course problems (navigation tasksj to be solved during the simulated tlight. In a third
study, they varied the nurnber of occurrences of the pilot's call sign (radio communications task) to which
pilots responded. Wierwille et al. (1985 do not classify these manipulations of task parameters as
ermbedded socondary tasks, although their use of such sub-tasks fits the smbedded secondary task
paradigm.
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The results trom the Wierwille et al. studies were quite revaaiing. In all cases, the manipulation of the
embeadded secondary task demands resuited in reduced pllot performance on secondary tasks, while the
perfortnarice measures for the primary task remained relatisely stable. Such findings are indicative of
pilots' capacity {0 handie workload demands (i.e., spare or reserve capacity as essessed by embedded
secondary tasks). These results are further substantiuted by the fact that more traditional secondary task
techniquus, time estimation, weia also usad in the study and exhibited similar results.

Finally, Chiles and Alluist (1979) with & multiple-tas: perfonmance battery (MTPB) have used simillar logic
as employed In embadded secornxiary iask naradigm. In paricular, they assumed that the monitndng tasks
in their task battery were acting as secondary tasks. Based on this assumiption, they used the monitoring
task resuits as incices of workload imposad by ctferam combinations of fhe other, time-ghared, active
primary tasks to develop a workioad metric. Taken together, the body of these results lead to the
coniclusion that the workload associated with time-ghared muRitask systems can be assessad by use of
the emsedde] secondary task technigua,

System Design and Develcpment Exemple 2

Dezc.iption. You have iwo altemativa designs of a system or gub-system which have been shown
by previous tesiing to be essentially the same (no differances) with respect to primary task measures. In
this situati~r, you are faced with what appears to be two comparable designs. Which system design do
you choose? (This example is ot in which the practitioner might like to determine where the cperator is
in the woridoad performance envelope. However, this determination is not absolutely essential to answer
the question.)

Considerations for Secondary Tesk Teckniques. Besidos the potential cost facior differences
between the two desighs, there may also exist operator workload differences that are not being refiected
by primary task measures. ‘The sacondary task paradigm can be used to datermine if either of two designs
is less demanding on the operator. This is important because the lese demanding dasign will leave more
spare or reserve capacity 8o that the operator can perform the mission tasks under more demaning
conditions {e.g., combat) than those iinvestigated.

Embeddad Secondary Task. The embeddad secondary task technique is applicable to this
design example if the two altemeative designs have subtasks that can be used as the secondary task. In
tact, Shingledecker (1987) describes a situation similar to the design exainple describe abova in which
the embedded seconiary task technique is offared as the vehicle to identify the most appropriate clesign
gliernative.




i the embedded secondary task technique cannot be applied, there are several traditional secondary
tasks which may be useful. These secondary tasks have been used to determine the spare capacity of
operators when engaged in complex sysiom opsgrations such as flying an aircraft.

Time Estimation Secondary Task. Typically with this task, operators are required (o produce time
intervals of 10 second durations without using counting, tapping or any sort of diract tirning procedures
(see Hart, 1978, for the merits of such a time estimation procedure). The premise hehind this procedure is
that the busier an cparator is, the less attention is available to judge time sccurately and as a result the
subjective impression of time becomes less accurate with respect to objective time. That is, operators will
produce onger and more variable estimates of 10 second time intervals because they lose track of time.
To illustrate the use of this technique, Bortolussi, Kanmowitz and Hart (1986) conducted a study with pilots
in a Singer-Link GAT-1 flight trainer. Two full-mission instrument-flight-nule scenariog (high and low
workioad scenarios) wers utiized. In addition, each scenario was designed to contain flight segments that
varied in difficulty. The results were such that the time production secondary task discriminated between
low and high workioad scenarios (i.e., longer time intervals for the high workload scenarios). Furthermore,
it discriminated among individual flight segments in the high workioad scenario but did not in the low
workload scenario. The variabifity of time productions was also greater for the high workioad scenarios
than for the low workload scenaro. Similar results have baen reported by other regsearchers. For example
in a series of studies, Wierwille ot al. (1985) found the variability of time productions (i.e., standard
deviation) discriminated between various workioad conditions that were manipulated within a flight
simulator. The workload conditions involved task loadings or workioad levels on either psychomotor,
perceptual, mediational, or communication task componaents of the tlight simulator. The merits of using
the time estimation production technique for assessing the relative workloads of two comparable design
altternatives are several. It requires little instrumantation or training and can be inciuded as a normai part of
an operator's duties without interfering with such duties (Hart, 1986).

Cholce Reaction Time Secondary Task. Another secondary task that is relatively easy to use is
choice reaction time. This technique invoives oparators rasponding to several visually presemsd stimuli
(e.g., a light emitting diode with arrows pointing in different dlrocﬁons). with each stimulus requiring a
different response such as ditferent buttons to press. To liiustrate, the Bortolussi et al. study (1988) cited
above also included 2 and 4-choice reaction time tasks that pilots performed during the flight scenarios.
Mean reaction time scores for both 2 and 4-choice rvaction time tasks discriminated between low and high
workioad scenarios. The choice reaction time tasks also discriminated the ditferant workload levels among
different flight segments. These results have been repiicated in another study by Bortolussi et al. (1987).
The merits of using cheice reaction time as a secondary task les in its simplicity, ease of implementation,
and ease of interpretation of results. Moreover, its sensitivity follows the theoretical basis for its use as a
secondary task; that is, it reflects central information-processing demands as wei! as response selection
demands.

130




System Design and Deveiopment Exampis 3

Degscription. You have a system that is under the Product Improvement Program (PIP) for
enhancements or modifications. You are interested in whether the oparator can handie the new
capatitees and/or new functionality that is ptanned.

Considerations for Secondary Task Techniques. it the specific enhancement is definable as a
new subtask, it can be examined easlily within the framework of the embedded secondary task technique.
The new task can act as & secondary tusk. The demands (e.g., the timing and number of radic messages
received with a communications tgsk) associated with the new task can be varied to examine its effects on
the operator's perforrnance with the exieting system. By employing the smbedded secondary task
{echnique, it is possible to elucidate the conditions under which the new task may, in fact, hinder operator
performance. Another variation of the embedded seconcary task technique would involvg setting the
new task aside and the manipulation of an existing subtask of the systein as the secondary task in order to
determine the mits of operator performance. By so doing, it is possible to estimate the spare capacity an
operator woukl have for a new subtask.

it these variations ot the embedded secondary task technique cannot be applied, thers are several
other secondary tasks which may be useful. Scenarios for system usage can ba daveioped within which
time intervals can be identified for the operator invoivement with the new task. A secondary task can be
substituted for the proposed task to examine the spare capacity that wouid be available to perform the
new task within the context of the system's other requirements (tasks) placed on the opgrator. Choice
reaction time and time estimation are two secondary tasks that may be appEcabie for these circumstances.
Bortolussi, Hart, and Shively (1987) provide evidence for the use of secondary tasks in a synchronized
manner with specific scenario events in order to identify changing workload levels within the context ot a
flight simulator. They synchronhized the presentation of a choice reaction time task and time production
interval task to specific events during high and low workload flight scenarios. By so doing, they were able
to discriminate with both secondary tasks between high and low workload scenarios. They suggested that
these results couid be further examined by a detailed time-kne analysis to localize the spacific events that
produced the apparent differencas between flight workload scenarios. This is simiiar to the proposed use
of secondary tasks being offered in this section.

System Design and Deveiopment Example 4

Description. You have a system under test and evaluation. You are not only interested in
knowing whether the system can be handled by operators within the context of a mission scenario but
also where the potentiaily high operator demand, areas lead to operator workioad problems. Clearly,
ioading the operator will show performance deficiencies that ideniify the high workload areas.
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Considerstions for Secondary Task Techniques. It is guite probable that primary task measures
will answer the direct question conceming the operator's capabilities to handle the system within a set of
conditions tesied. With respact to idertifying the areas that ara relatively high in workload demands, the
embedded secondary task paradigm can be utiized. The supposttion is that the operator can be driven to
performance limits by various task loadings on the designated secondary task. By 8o doing, breakdowns
in human performance can be identified that may ctherwise not be shown vith primary task measures
under normai circumstances. Additionally, if there is a possibility to break the mission into segments,
sxamination of the performance within sagments wiil halp to idantify the problem areas.

Another possible method is to synchronize secondary tagk presentations to spacific primary task
sequences that may he suspected of high workload but may not be reflacted by primary task measures.
You are, in essence, attempting to identity momentary high workload areas that may under stresstul
circumstances comtribute to poor operator performance. The Bortoiussi et al. (1987) article describad
above is an sxample of using secondary tasks in this manner. Based on this study, choice reaction time
tasks and time interval production tasks may be appropriate for such a type of operator workload
assessment.

Other Secondary Tasks

With respect tc secondary task techniquas not spacifically described in this chapter, there are several
that have been shown to be sansitive to operator workload levels. For exampls, the Michon Intarval
Production Task {IPT) requires the subject to generate a serles of regular iime intervals by executing a
motor response such as a finger tap every two seconds (Michon, 1964). The IPT has been shown by
Shingledecker et al. (1983) to be sensitive to psychomotor task loadings for primary tasks but not other
types of task loadings such as memory and perceptual sustained attention. Accordingly, the Michon
paradigm seems appropriate for assessing psychomotor workload. What limits its applicabllity is the tact
that the operator must perform the IPT with one hand devoted continuously to the task and as a result may
limit its use with coinplex systems that require operators tc have free use of both hands.

The Sternberg Memory Task (Sternberg, 1966) has also been shown to be sensitive to operater
workload levels (e.g., Spicuzza, Pincus, & O'Donnell, 1974). The task involves memorizing a set of items,
usually cigits. Later in testing, a single probe digit is presented. The operetor's task is to indicate whether
the probe was in the memorizad (positive) set. Both responss time and accuracy are measured. Memory
load may be vared by including different numbers of items in the memory set. Research shows that
reaction time to the probe increasas knearly with the number of items in the memorized set. In this way, a
slope can be determined which reflects the rate of memory search and the degree of cognitive loading.
Wickens, Hyman, Deliinger, Tayior, and Meador (1986) raviewed seven studies that employed the
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Sternberg task in fiight simulators or aircraft environments. The power of the Sternberg task les in its
potential diagnostic value in distinguishing betwoen cognitive processing task loading and response task
loading for a primary task. This requires analysis of the Stemberg task data tor changes in the siope and
intercapi of such data in order to infer task loadings on either cognitive processing or response selection
as a result of primary task demands. Based on their review, Wickens et al. (1986) have questioned the
utility of such an analysis in a typical operator workload assessment situation since the studies reviewed
raported a high degree of instability in the slope and intercept data. As a rasult, Wickens et al. (1986) have
recommandasd the use of one level of the Stemberg task as a general memory secondary task to infer
cperator workload levels. Wickens et al. (1986) have also noted that the Sternberg task may be
insensitive to high workload levels bucause pilots may shun the task undar high workload.

Contiusions

Of all secondary task techniguas, the embeddad task offers the most practical utiiity for the Army. By
utilizing this technique, cne may overcome many of the problems identified in using these largely
laboratory oriented secondary tasks in applied system evaiuation enwvironments. The principle advantage
of the embedded secondary task technigue is that the data coliected are generally applicable with respect
o design and systemn evaluations.

The other sacondary tasks offered in the examples are possible attematives that may be applied when
the emhedded secondary task technique is not feasible. However, these otiver techniques are offered
with two cautionary notes. First, as shown in Appandix A, all secondary tasks can sometimes intrude on
primary task performance. This possibility cannot be ruled out for the secondary tasks described in this
review. However, the secondary tasks racommended here are ones that have been shown to minimize
this potential confounding in most situations. A second consideration for these atternative secendary task
techniques is their sensitivily to reflect primary task demands (l.e., workload).' That is, these techniques
may not always be appiicable for a particular situation. Theay have been shown to be sensitive tc workload
levels in complex aircraft systems, but have not been fully exercised with other tvpes of complex systams
of interest to the Army.

The recommendations offered should not be Intcrpreted to mean that other operator workload
techniques are inappropriate in the circumstances described (e.g., subjective techniques). indeed, we
recommend that secondary task technigues be utiized as part of a battery of both subjective scales and
other empirical methods. in this way, the information obtained from several diverse techniques can
compensate for limitations in each individual method. Chapter 8 ainplifies upon the breadth of these other
techriquas that are also appropriate for the situations described abeve.
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CHAPTZR 7. FHYZIOLOGICAL TECHNIQUES

;{ Physiofcgical techniques assess tha cparators worklosd In a way ditferem trom primary and subjective
och iquas. Primary techniques sample directly ob=arvable responsss of the opsrator, the operators
avioral output resulting from some task. Workdond (tha miative capacity to respend) is inferred from the
humber, latency, or pattern of the responses. Subjrctive workload techniques rtsess the judgments of
& » opsrator about workicad., These judgments are refated to and d?J{dm toward such factors as
us ration, difficulty, time pressures, etc. Workicad Is inforred from 1~ 'dgments. By contrast,
, siological techniques assess activitias which are ;omially not dires - )bservable and reprosent
dices of the underlying processes involved In recponsaes, \\
The OWL physiological literature has a well gaveloped e\mpiri-c,al. s\t\atlstical . d mathematical
ndation. Further, many quite differont techniques have been us:d. However, nz.ny authors often
A o sume, apparently, that the reader undarstands the underlying p iysiology and the authors do not
’ ssent the thinking and physiological rationete behind the application. Whaen this happens, the 'various
niques used may appear to-ba-an apparant ‘grab bag’ of techniquas. In fact, the various techniques
mp!e a range of quite different physiological systems and mechanlsms By and large, all of the
hniques are based on sound physiclogical evidencs, however, some techniques can be hlghly
- acific to a single physiological subsystem. Accorcingly, it will be helpful to the reader to discuss the
b ysiological basis and delineate not orly the rationaie, but also the physiological systems and
mechanisms being measured.

In order to undarstand the application and tha recults ebtained from such techniques it is necessary to
geaste each techrique into an appropriata physiological context. First, we will discuss some measurement
i Bssues Including the theoratical basis for each measurs and some dat2 analysis issues. Next, we will
Bchiscuss briefly some basicPTiySHogy 10 provide a frermework for the techniques discussed and especially
what thay measure. Then, we will raview roma of the Iterature on thaﬁe techniques as the techniques
‘ app!y to workload. Physiological megaurss of workload have been recémty reviewed (e.g., O'Donnell &
SEggemeiar, 1986) and our intent ‘s not to repeat the information already available but to bund on it.
| Although results will ba inclided, considarahia amphasis will be oh understanding of the tachniaue and
ylts application and usefulness in tha workload conted.
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Msasrement Criteria

There is a major difference in the focus of physiological research and workload vesearch and evaluation.
The nhvsiolonist is interested in mechanisms and the functioning of physiological subsystems.
Accerdingly, the study of a physiologica! subsystam will involve discovering iis full range of operation,
including the impact ot extremo conditions not normally encountered in every day lite. By contrast, the
workload researcher Is interested in relating rmeasurements of the subsystem under more normal
circumstances to measures of human behavior and to workload. As an example, consider pupil diameter.
The full range of pupil tunctior is from about 1 mm in bright light to abcut 8 mm in total Garkness and this
range is what a physiologist would be interested in. Under normal circumstances, thoze which an operator
is likely to experience, pupil diaretar changaes show a range less than 1 mm (Seatty, 1982). Clearly, the
range of operation is much more constrained in the workload context.

When one uses a physiological tachnique to assess OWL there are severai lypes of quesiions to
answer.
< Is this physiological technique one that could reflect workload charges? This is an
issue of appropriateness. is the technique appropriate to the questions being

asked? A large pertion of the inconsistency about a technique ir the workioad
literature may be related to this very point.

«  Are the vaniations of the ptysivlogicil technique in the normal operating environment
sufficient to produce measurable workinad variations? This is the issue of sensitivity.
Are the techniques sensitive to the variations in OWL the operator will experience?

« Do these techniques raflect tha kinds of changes in the human nperator one is
inierested in? This is dlagnosticity which !s an extension of sensitivity. Are the
techniques empioyed sutficiently specitic to localize the difficulty and identify the
underlying mechanism?

in one form or another, the techiniques we have classified under physiological are those which are
indirect indicators of operator workload as compared with primary task and subjective methods. They are
presumed to be reflective of the amount and difficulty of the work the operator is doing. This is thought 1o
be true becauce the bodily states vary as a function of what ons is doing: waking, sleeping, running,
sitting, eic. Similarly, changes in bodily state and especially brain states can be measured and reiated to
these activities. It is the hope of the investigator that thw bodily functions will show similar, measurable
changes, albeit smaller for workload changes than what the physiology studies show.




Appropriateness

Early arousal theory assumed that ali mntivation and emotion invoive the same basic continuuin of
physiological activation and that this continuum is refiected in aii of the psychophysiological techniques
(e.g., Hebb, 1955; Malmo, 1959). Thus, techniques of electmencephalogram (EEG), electrornyography
{EMG). skin conductance, ai¢. should be interchangeabie according to arousal theory. It is now known
that such a simplified view is wrong, but to an extent, the workload literature continues to reflect this
simpiified view. Increasingly, researchers are discovering workioad to be mulitifaceted and thus a particular
technique may reveal workioad effects in one case but not another. Stated another way, the use of an
inappronriate technique may be misieading; it may be a good technique in some instances, but it was the
wrong tool for the question at hand.

As the task for the operator changes, the most appropriate workload technique for assessing OWL may
aiso change. Many physiclogical technig.es have been applied to the study of workload. in some cases,
the authors have claimed the technigue to have relevance for workioad but the relevance is a'sc
contiigant on the dsfinition of workioad. Because the nature of operator tasks has changed rapidly,
some of the okder techniques are mora related to fatigue than to workload as defined in Chapter 2. These
have been discussed, briefly. The appropriateness of the technique in the current workload context will
be made apparant in the discussion of individual techniques.

Data Analysis Atfects Sensililvity and Diagnosticity

There are several important implications of data analysis with regard to sensitivity and diagnosticity.
Since mental workload is dynamically changing over time, the investigator shouid plan the study and the
analysis to assess the timeline of operator activity. For lnstancé, if one averages over time, one shouid be
sure that the data have been examined tirst for consistant trends which may occur with time; these trends
may be linear or nonlinear, depending on the circumstance. Mors will be said about trends in the section
on heart rate. While this is not a caveat against averaging, # is a plea for knowledgeable iand careful
averaging. Unfortunately, thare are cases in the literature that report a failure to find an effect but appear
to have masked the effact of workload through averaging.

A tairly simple, prelirninary analysis is to pick some (arbitrary) short time period as a window within which
data are arranged. A computer program can average scores within each window to produce runaing
averages. This permits the investigator to look for both short and iong term trends in the data. The data
can be reanaiyzed using several variations including (a} changing the size of the tomnoral windows or (b)




using temporally overlapping or hon-overiapping windows. A considerable amount of inforrnation may be
gained from analyses of this type; specificaily, sensitivity will be increased.

Mugt applied workload studies involve human performance over a period of time. Time, than, is an
especially important factor in the analysis of data obtained with the techniques. Becausa of the interaction
between and the counteracting effects of the sympathetic and parasympathetic branches of the nervous
system, self-paced tasks are difficult to analyze. It is necessary to have time marks, either recordec by the
experimenter or based on other rasponses of the operator, to separate types of activities into meaningiul
categories. Otherwise, averaging will simply mask any effects of interest. {See Mulder and Mulder [1987]
for further discussion.) Further, diagnosticity will be quite low if there is no way to reiate the measured
changes to ongoing behaviorai activity.

Given that a technique is sensitive, additional procedures can be employed te improve diagnnsticity.
One such technique involves the use of time marks recorded during data collection. These marks can be
based on externai events, mission milestones, stimulus presentations, or operator responses. Having
recorded some type of mark, the analysis can be locked on these marks. As will be apparent, such an
approach 10 data collection and analysis can be critical for both sensitivity and diagnosticity.

Some analysis techniques, such as spectral analysis, require suitabiy iong time segments to do the
analysis. [t the experimenter selects or samples a segment which is too short, the results may not be
stable due to the smali number of observations. By contrast, if too long an interval is selected, some of the
eflects may be masked. Here again, averaging and poar choice ot the temporal scale may destroy
potential sensitivity and diagnosticity of a physiological technique.

Physiological Background

Earlier, physiological techniques were referred to as a grab bag of techniques. To organize the
techniques and to provide a benchmark for our evalustions and recommendations, we will provide a brief
discussion of the physiology underlying the changes that various techniques are supposed to measure.
This physiclogical overview v ill be referred to in the course of discussing workload techniques. It will also
emphasize & clear rejaction of the simplified arousal theory view that all physiclogical techniques were
created equally (e.g., Hebb, 1855). To facliitate uncierstanding for the reader, 2 scnematic showing the
relations of several physiological subsysiems is shown in Figure 7-1.
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Figure 7-1. lllustration of the sche:natic relations among various physiologicai systems. The
technique associated with each system is shown in a box.

The central nervous system (CNS) consists of the brain and the spinai cord. The CNS is actually
composed of a number of distinct, identifiable neurological structures which are somewhat specialized to
perform particular functions. Hence, superimposed on this structure are functional systems. For example,
the language system is composed of a number of funcltional parts: hearing and analyzing speech,
mediating or understanding the speech, a vocabulary, ianguage rules and the organization and
generation of speeach, including not only ordering the words hit cantrol of the arliculatory mechanisms o
preduce the scunds. The case studies of brain damaged patients demonstrate the existence and
separabiiity of these structures. There are a number of specialized cortical neurological structures which
operate In uniscn to provide the capability of language with each structure contributing to the functional
system.

The electroencephalogrom (EEG) and evoked cortical potential (ECP) are techniques which refiect
acilvity of the CNS arid the cortex In particular. Electrodes placed on the s2alp over particular neurologica!
structures will measure very small chaiges in slactrical potential occurring in the brain. Despite the use of
identical recoiding procedures, the composition of the two techniques are quite differeni. The EEG
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contains & number of waves, some of which reflect general arousa!. By contrast, the idea in thc ECP is to
average out these arousal waves and study compenents due to specitic stimuli. To continue the
language example, Chapman (1979) and his colleagues presented subjects with words seiected along
Tsgocd's semantic differential dimensions of Evaluative (pood-bad), Potency {weak-strong) and Activity
(tast-siow) while recording evoked potentials. He found quits different wave forms, implying differential
brain functioning depending on the gemantic dimension and affective meaning of the words. These
results illustrate the level of detzil that can be examined using physiological techniques.

Other techniques such as heart rate and pupil diameter are a function of the peripheral narvous
system. The peripheral rervous system consists of all nervous cells cutside the CNS inciuding those
entering and leaving the brain and spinal cord. The peripheral system is divided into two parts, the first is
the somatic nervous system which includes sensory nerves from most recaptors and rmotor nerves
(eftectors) for skeletal muscles. The second is the autonomic system which includes sensory and motor
nerves serving the hear, glands, and smooth muscies. Eye movements are accomplished by three pairs
of skeletal muscles (somatic system) while pupil dilation is under control of smooth muscies (autonomic
system). Both of the these peripheral nervous subsystems are under general control of the CNS. It is the
CNS and the autonomic system that are of principal concem for the measurement of workload.

The autonormic nervous system underlies emotional and motivational behavior. Any feedback system
will have counter-acting infiuences and the autonomic system is no excepiion. i is divided into two parts
which act in opposition to each othar: The sympathetic and the parasympathetic. The sympaihetic system
activates the body and the parasympathetic serves to conserve the body. 7o ifusirate, there is clear
physiological evidence that stimulation of the sympathetic will result in heart rate increases and pupil
dilation whereas stimulation of the parasympathetic causes decreases in heart rate and pupl! constriction.
Un:ier normal operatio: s, the two sysiems balance each other. However, an emargency may cause a brief
imbhalance which can have several different results depending on the timing of the two systems. Fainting,
for example, is the resuit of reducad biood flcw to the head caused by activation of the sympathetic
sysiem foliowed by a flood of activity from the parasympathatic.

Cur briei discussion of some highlights of physiological function clearly shows the diversity of
irformation available from the various rathar specialized techniques availet:le to measure physiological
functions. Although one could say ail measure CNS activity. most do not measure the activity directly. In
the case of body fluids, the techniq 2 may be three or four stepe removed from CNS events. There are
also timing differences, neural activiiy is quick, chemistry much siower. Clearly the system is complicated
with lots o} antagonistic activity at all times. This imnlies that physiological technigues may reflect particular
changes. However, if the technique does not show a change, one cannot infer high workioad ic be
absent. Because of the raridity of neural activity and the counterbalancing effects of the antagonistic
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systems, timing is of the essence. Fallure to assess a physiological change associated with workload can
reflect either an inappropriaie technique or Eappropriate data analysis.

Technicrss Measurisig Cardiac Reaponosse

The heart is influenced by the autonomic nervous sysiem and through this connection the heart is
related to physical and emotional states. Heart rate is known 0 be relatad to the amount of physical activity
(oxygen recquirements), respisation, and thermal regutation. i can aiso be said thet any factor which affects
menial activities will also affect the heart. Thus, mental load and task demands wiil affect (and can be
observed in) cardiac response. However, so can other normal factors such as the orianting response and
the defense rasponse; stressiul and surprising events will aiso be evidencad. Additionally, factors such
as age will result in changes in heart rate variability as well (Muider & Muider, 1887). Consequently, heart
rate is a function of a number oi forces which may be operating simuliaraously.

Heaart Rate

Many years aQo, Darrow (1920) reviewed studies which reemed to show that looking at simpie stimuli
seemad tO cause heart rate deceleration while stimuli that demandeci cognitive processing we/e
associzied with acceleration. Since then, many studies have ahown attention to the environment 10 be
associzted with heart rate decsleration. Acceleration Is lass clear, but cenainly there ig a relation betwaen
heart rate and the skelatal preparation for movement. Accordingly, uniess the investigator is very careful
fo serarate il of these influences, the increases and decreases may be masked. it seems modem
investigators have had more diificuity with the technique; possibly the increased use of computer
technolegy has moved the rasearcher avay from the data. :

Thare is some controversy with the OWL impiications of heart rete (O'Donnell & Eggemeier, 1988,
Wierwitie, 1879). Mot all investigators have found contistent results, or even results in the same direction.
Since heart rate also increases with physical activity, one must take caire when imeasuring merial workdoad
that the technique is not contaminated by high physical activity conditions. Roscoe and Qrisve (1888) and
Wierwille and Coanor (1683) have independiantly shown that the technique is sensitive to high
stress/workioad in which survival, embamassment or similar emotions play a role. Simuiarly, brg-tens
effecis seem t2 be acknoviledged. Sharit and Salvendy (1882) in discussing nccueational stress, state,
"The heart rata muasure has unwoubtedly been proven 1o be the most varsatile measure of stress. p137.”
Howevar, some investiga.ors stuie that uniess sirong emodons are present, heart rate will not covary with
workiosd (Han, 1966a).
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A recent repornt by Bauar, Goldatein, and Stem (1987) provides & departure in procedurs from other
studies and also Hiustrates one of the points made eartior about averaging. Ay indicated alsove, gome
investigaiors have failed to find consistent changes in heart rate as a function of task. Baucr 3t al. (1587),
using the Stumbery task as a secondary task, coliectad a multiple get of measures th:il provides an
opportunity to compisre various measurement techniques. For data analysis on heart 1ate, they divided
each trial into 18 fime bins consisting of 850 ma each. In only aighit out of the 18 iime bins did task koading
manipuisticn hitve a signiticant effect on hean rate. However, henrt rate increasad and then decreasad &8
a function of time info the trial. These thwee intervals reflect difierent rule basod activities. Averaging
(which is done in analysis of vanance) within just a six second interval to compare the cue, memory, and
test intervals did not yisld a sighiicarnt diffsrence for the three intervals. There was no etlect of task
loading but & ciear effect of kwoking different undsriying orocesses. It is of note that their evokad cortica!
potential measure showed an effact of both task demands and task leading. Whiie haart rate did not
reflact task loading very Ciearly, R certainly showed clear giffsrencus related 1o what the subjact was doing
and vwhen, that is, the changing task tiemands.

Haart Rty Vertobillly (Sinus Amythmis)

Heait rate variablity (sinus arrythimia) is another viorkioad measure reievant to hoer rate data. i has
proven 0 be equally controversial {O'Dennell & Eggemeler, 1386, Wierwille, 19749). Sorne of the
inconsistency may be due fo quite ditfarant anglysis techniques; ialshaek {[1973], cited by O'Donnel! &
Eggemsier, 1986) has reported mora than 30 techaiques which have been used to determine variability.

Why look at variability? Simply on logical grounds one would expect an ncrease in heast rate to bo
associsted with a decrease in varicbility; sftar 2l there is an upper Emk ci) heart rate. Ac R horr: cimt, there is
a negative comrelation (sbout -.40) between heart rate increases and heart rate variabillty. Even though
there is a relation between the two, the fact that the correlation i8 modss: indicates the two measures
refiect somewhat dilferent aspocts of the physic.ogical activity.

The spectral anaiysis of heant rate variabiity provides 8 meihod to separate out saveral frenuency
components stemwning from differeni sources and ssems i0 show promise as a measurs. One pe.k,
found around 0.35 Hz, reprasents respiration and a second peak reported at 0 20 Hz reprasents heart
activity related to thermai aspects (Sayors, 1973). Some investigators sugges? a hermal energy band
from .02 (o 06 Hz; arterial pressure from .07 o0 .14 Hz; and regpiratory activity from .15 to .50 Hz (Aasman,
Mukier, & Mulder, 1887). For our purposes the important peak, found around 0.10 Hz, is ralatad to blood
pressure and seems to be correiated with worldoad {Sayers, 1973).




The early woik of Sayers ha2 baen follaved by an increasing numtrer of studies which show the .10 Hz
coponerd to be an eflective indicator of menta! activity, but care must be taken to factor out ail
confounding variables. Aasman &t al. (1087) found a significant affect of task loading (2 or 4 items) in a
cantinuous mernory paradiom; the ampitude of the .10 Hx component decreased as the load on remory
increase”. These nvestigatore attribute the change to the armount of effort expended, distinguishing
between mental affort and menta! workioad (in our termitology different rules). Workload relers to
dimangions of the perceived task damands and use of resources. Effort refers 10 what ihe subject is

. doing, the willingness to expend effort in tha utilization of the resources. Overioad, pushing thae operator

outside tho workioad envelope, howevar, resuits in a cessation of effort and a cormaspending increase in
the .10 Hz ccmponent.

Vincenta, Thorittion, and Moray (1987), in another recent study, used three jevels of difficulty on a
tracking task and had subjects give subjactive ratings of difficutty, workload, ang effort. Effort was defined
as the amount of attentional demand; difficuly was defined as how hand the motor task was; and workload
wes dafined as the overali level of demand on the tagk. These investigators did not find an aflect of task
difticully on the .10 Hz component and orly a rnarginal efect on tha subjective estimates of eifon.
Howevaer, they found a correlation (.66) between the .10 Hz component and the subjects estinate of
efiorl. Actually, seven out of eight subjects showed the corralation, the sighth did not. Ot interest to the
cormments about data analysis, the tracking task is continuous. Timing of psrformance and the size of tims
sampies used in the analysis are important (Mulder & Mulder, 1987).

Sumimary of Haeart Measuras

Both mean heart rate analysis and heart rate variability (spectral analysis) are based on massures of
heart cate. Accordingly, one has a unicue oppottunity t0 axtract iwe measures from a singie tachinique.
Mean heart rate. as indicated by the older iterature and seime recent studies, shows measurabie changss
as a function oi task difficulty, quite possibly dus (o a genaraiized arcusal coraponant. Heart rete variability
(.10 Hz compornent) ofien appears 1o be sensitiva 10 task ioading and fatigue (Egelund, 1982; Strasser,
1981). The majority of studies raported in the literaire are lonking for valatively subtle sfiscts. in pracical
abpucation, there may be some situations in which uriknown but extrems demands may be made on the
cperator; heart measures would detect such situations.

Overall, one is not impressed with the consis.ency of the rasults using heart mezsures. This has lead
C’Donnrell and Eggemeier (1986) fc conclude “For the present, thersfore, heart rate &nvi hoar rate
variability must be considered an attractive and promiging b unvalidaied rmeasure of workioad p 42-42.°
However, the European research groups (e.g., Mulder & Mulder, 1907, Straxser, 1981) have had
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rensonable suscess when the various coifournding factors havo beer: taken indo socount. Thus, in some
appliod shuations, haart techniguas may be appropriate.

Technigues for Measuring the Eye

Three soparate visual structures are of interest i the context of OWL. Thewe are

= The movernents of the oy which are controlied by three pairs of muscles (horizontal,
vertical and rotational movements) under contnl of the eye movamsn? system,

*  The pupil which is controlied through the autonomic system, and
» The ids of the ey wiich are under congm; of the somatks system.

Eye Movements and Scanning (Point of Regerd)

Eye movemerts occupy a unique role In information acquisition. Bscause ¢f the central role of vision
and eye mcvements in information acquisition, many investigators have focus:d en information
acquisition sirategies reflected in vye scanniig patterns 0 kientity the source of information for decisions,

The goal oi applied eye movement regearch has baen to determine the scan 1 tems, how and where
an nperator gels information and in turn whai h3 does with . An assumption normally made is that dwell
time (the length of a look) sarves &s an index of visual workivad: Yhe longer the dwell time, the more
ditficuit to read *he instrument. Currem eye movement tectinology permiis the investigator not only to
monitor movernent of the eyas but, with appropriato calibration, determina the point of regard, i.e., what
was lboked at.

in 1903, Dodge used film to racord a reflected image of the eye which 15 still a useful technique. Since
the time of Codge, a number of techniques have been deveicped. (See O'Dorineil and Eggemeier
{1986] for a review of shase various techriques and Haliett [ 986] for a thorougn review of eye movemant
research.; While each of these techiniques can surve a useful research function, few are useful in an
applied context. Heimeat mountec cameras filming tne eye, much ax Dodge did, have also proven to
provide uselul diagnostic information for OWL (Wilson, T'Donnell & Wilson, 1983).

Research shows wurkioad can be predicted from changes n dwell times. These workload changes
result from, for example, tho difficulty of reading an instrument (Harvis & Glover, 1984) or a change in mode
of flying), autopiiot or manua! (Spatly, 1978b). Waller (1976) shewed eys movement data coukd be used 1o




predict Cooper-Harper ratings, thus broadening the application of eye movement techniques for OWL
estimation.

Diagnosticity of eye movement meas:res can be excellent. Wilsori et al. (1983) were able to diagnose
what & piiot was doing even when they could not obtain good evoked potential responses. The eye
movement techniqus measures visual workioad, but manipulations outside vision may increase genaral
workload which can have an effect on dwell times.

Some eye movement devices can be expensive and raquire substantial data anatysis capability,
atthough many analysis techniques have been worked out (Harris, et al., 1955). its potential as a workload
analysis technique is highest among the techniques classitied as physiological, however, it may not be
practical at the present time for most Army applications. What can be of considerabie use and much iess
costly, even though more obtrusive, is the helmst mounted camera - the Dodge technique.

Pupil Diameter - Pupll Dilation

it is well known that pupil diameter varies with a number of physiological and psychological variables.
Beatty (1982) has reviewed the literature and concluded that the task-evoked pupil response reflacts
processing loads. In the context of our terminology, it appears to be sensitive to both nule changes and
task toading. For example, pupil diameter changed both as a function of the phase of task (listen, pause,
report) as well as the memory load (3 to 7 digits) (Beatty, 1982). Similarly, the measure has been shown to
ba sensitive to difticulty of tasks such as sentence comprehension and visual tasks involving comparison
of letter pairs.

At prasent, because of the stringant restrictions on operator movament, the field application of pupil
diameter measurement is minimal. To obtain good, accurate recordings, eye movement must be kept to a
minimum; when the eye is at an oblique angle to the recording dsvice, the two dimensional image of the
pupil wil! be attenuated due to the geometry. Further, because the pupil varies with light levels
independently of workload states, one must be careful o keep ambient light at a constant to avoid
contaminalion of the data. It appears possible to remove both of those effects analytically, but this has not
been done.

Blink Rate and Lateicy

Although blinking is subsumed under eye measures, the somatic motor pathway of the eyelids may be
somewhat different from the motor pathiway ot the saccadic eye movement (Moses, 1970). There are two
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types of blinking, reflex and spontansous. The spontaneous blink is ol interest in the study of workload
and can be conditioned. The duration of a full blink is about .3 to .4 saconds and occurs normally ai the
rate of about 2.8 seconds in men and 4.0 seconds in women. Blink rate of the eye has been measured

_using electromyography (EMG), sometimes called electro-oculomyography (EOG) when applied to eye
resecarch.

in the study discussed earlier using the Sternberg paradigm, Bauer et al. (1987) also measured
blinking. Thelr analysis wag paralie! to that for heart rate and included thrae measures: blink rate, blink
lateiicy, and blink duration. For data analysis they divided each trial into 18 tirne bins consisting of 950 ms
each. These bins were ais: blocked into intervals consisting of six bing each. Blink duration showed a
decease over bins and an increase over intervais. Blinks occumed (blink latency) earlier following the cue
than for other stimuli. For tha blink rate analysis, the bin effect was significant; blink rate declined as an
increasing function of time since the stlinuws presentation. Of nota, the blink rate declined from one
every two seconds in the first bin to one every six seconds in the last bin. In eight out of the 18 time bins,
the set size task loading had a significant effect on rate and overall set size had a statistically signiticant
affect. Blink rate provides a measure directiy related to task demands and to task loadirg.

Summary of Lye Tochniques

Because vision is a major informaiion acquisition sensory system, mariy invastigators havs focused
efforis on determiring how the system functions and acquires information undec varying workload
conditions. This has primarily focused on determining the point of gaze or look point of the eye. The
threo techniques considered in this section cover three different aspects of the nervous system. Of the
three, the eye movement / point of gaze technigue is probably the most importart. The data derived from
studies of eye movements have application in a number of workload situations: not only for instrument
paneis and computer displays but also visual search patterns used to detact eirgnm and targets. The cost
and effort required to obtain and analyze eye movement daia reduce the practical applicability of these
techniques.

Pupil diarneter has neen shown to be sensitive tc workload variations, a8specially the amount of mental
lcad. Howoever, measuJrement techniques do nhot lend themselves to field situations. These restrictions
limit the technique to the iaboratory. Blink rate is a technipe that has recsived less attention, but it could
be useful, aspecially in conjunction with other measures of eye behavior.




Technipuas for Measwernent of Brain Activity

Within the past 10 years, a considerable amourd of sffoil has boen davoted to identifying measures of
brain activity that are reflective of undertying psychological processes that influence human information-
procussing ang performance (Donchin, Ritter, & MacCalkum, 1878, Hillyard & Kutas, 1983; fosner, 1978).
Such efiorts have offered promiring results with regpeci to identifying brain activity patterns related to
operato: workioad (e.9., Kramer et al., 1987). With respect to undérstanding human information
processing and performance, researchers have recognized thal measures of brain activity (e.g., cortical
evoked potentials) are compiex and their racording arvd analysis costly. Therefore, one is not likely to use
thess measuras except when they provide data not easily available with more traditional behavioral
measures (Duncan-Johnson & Nonchin, 1982). A somewhat similar note of caution has been offered in
regard to utilizing brain activity measures (0.g., cortical evoked potentials) as indices uf mental workload
(Kramer et al., 1987).

Flectroencephaiogram (EEG): Spectral Anclysis

The electroencephalogram (EEQ) is typically recorded from surfac? electrodes placed directly on the
scalp. Such recondings can provide cata on the brain's electrical activity during the performance of a task.
Attempis have been made to quantify this electrical activity according to the predominant spectral
fraquencies that make up such brainwave activity. The premise is fo klentify those spectral fraquency
bands that are indicative of and reillect changes in worklioad. The EEG frequency bands that have
received the most attention are 4-7 Hz (Theta), 8-12 Hz (Algha), and 18-30 Hz (Reta).

In general, the tindings support the conclusion that the percentage of low frequency EEG spectral
bands (i.e., Aipha) increases during the course of prolonged and continuous performance (Parasuraman,
1984). Such findings have been interpreted as indicative of lowered arousal levels over time (Gale, 1977,
O'Hanlon & Beaity, 1977). As a result, EEG spectral changas have been seen as reflecting general state
changes within an individual (e.g., drowsy, alert). However, tte relationship between these general state
changes as shown by EEG spectral analysis and operator workload as indexed by performance changes is
not alwaye clear. For exumple, Gale, Davies and Smalibone (1977) used a simulated radar type task to
show that subjects’ performance declined as measured by reaction time (RT increased) during the course
of prolonged performance whicih was accompanied by corresponding increases in the amount of the 7.5-
9.5 Hz EEG spectral band (i.e., decrement in physiclogical arousal). In contrast, similar changes in the
EEG have been reported by Fruhstofer and Bergstrom (1969) when subjects were relaxed and performed
no task for a comparable period of time. The EEG spectral analysis approach has therefore been seen as




indicative of organismic states which may or may not interact with or reflect workload (e.g., fatiguo,
boredom).

To illustrate this point, Howilt, Hay, Shergold and Ferras (1978) exumined EEG changes ior a single
pilot during actual fiights in & small two-engine transpon aircraft. The tlights were peifermied either as tho
first dlight of the day, after a night of sleep deprivation, or after a serias of daytime flights 10 assess
sustained performance over the courso of a workday. Tach tlight was considenyd o coniain segments of
ditiering levels of workload (e.g., singie engine takeoff vs. maimaining steady level flight). Resulis
showed a decrcase in amplitude of EEQG acitivity across several spectral bands {0.g., 8-12 Hz and 12-16
Hz) whon sieep deprived fights or end of the day fligins wero cornpared 10 first of the day flights. These
EEG changes were seen as reflecting organismic changes ragulting from gleop deprivation (e.g.,
sieepiness) or prolonged work (e.g., fatigue). However, when comparisons were r~ade to in-tlight
segmants of ditferent workload lavels only the tirst day flights showed eviderca in the EG for rurlecting
worklkad levels (e.g., increased EEG amplitude for apectral bands) with concomitant in rease in workload
activity. By contrast, sieep deprived flightz and end of day tlights showed no #igrs in /ne EEG that wero
reflective of changes in workload evels during these fiigids. #

Summary. EEG spectral analysic seems to offer means to assess changes..n organismic states
within an operator {e.g., fatigue, sleepinees) that may or may ot show in periormance. As a direct

measure of worldoad, EEG spectral anaiysia is not an advantageous technkjue. Other ressarchers have
voiced similar opinions (e.g., O'Donnel! & Eggemeier, 1986).

Evoked Cortics! Potentiale (ECPs)

Usually, brain wave activity as measured by electroencephalography (EEG) reveals littie in the way of
discriminable patterns that ran be atiributed to operator workload. However, signal analys's techniques
can be utilized to isclate spesific brain wave patterns that are responses 1o extemal stimuli and may be
used to reflect operator workload lavels (e.g., Isreal, Wickens, Chesney & Donchin, 1980). These byrain
wave patterns found in response to external stimuli are called Evoksd Cortical Poterdials (ECPs) or Evert-
Related Potentials (ERPs).

The value of the ECP is base¢ on the concept that brain wavas reflact a combination of human 8ensoiy
inputs (e.g., external stimul/events) and cognitive processing (e.g., evaluating extemz! stimuli/events).
For example, "vhen a stimulus is presented to the operator, a portion of the brain wave activity is a
response associated with that stimulus. The remaining brain wave activity is considered as ongoing,
unsynchronized, spontaneous activity that is not necessarily associaied to the processing of such stimuli,
By performing ensemble avaraging across the time intervals following the multiple presentations of the
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stimulus, the ECP assoclated with such stimull will be enhanced through this averaging while the
spontangous brain activity occurring in thege time intervals will be cancelled out. Figure 7-2 depicts the
reiation betweenr ongoing EEG activity, external auditory stimuli and gignal analysis techniques used to -
axtract the ECP assoclated with such stimull.

ECP Components. As seen in Figure 7-2, the ECP Is a complex wave form. 1t exhibits several
components that are idontified &s eithar negative (N) or positive (P) peaks. In addition, these negative and
positive components are further identitied by their lime course as measured from the external eliciting
stimulkus onset to their mean latency of occurrence (e.g., the P300 is & positive waveforrn component
occurring at approximately 300 msac. atiar stirwslus onset).
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Figure 7-2. Depiction of the relations batween EEG activity, extarnal auditory stimull, and signal analysis
techniques used to extract the ERP associated with such stimuli. (Adapted from Hiilyard & Kutas {1983]).

Thea early occurring components of the ECP, less than 250 s from the onset of the external stimuius,
have bgsen characterized as being rasponsive to the physical nature of the external stimuli used to
generate the ECP. For exanple, visual stimuli have elicited ECPs with identifiable earty components that
seem sensitive 1o manipulations of the physical parameters of such stimuli with respect to brighiness
(P200; Wastell & Kleinman, 1980), spatial orientation (N125; Harter, Previc, & Towle, 1979) and contour
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(N180-235; Harter & Guido, 1980). Such &ECF compi.nents are classified as exogenous (i.e., stimulus
bound) since they are sensitive to the physical aitriwtes of the stimuli (i.e., intensity, modality, and rate of
presentation),

The later components of the ECP, those beyond 250 mgac. from the onset of the external eliciting
stimulus, are considored to reflact active cognitivy provacsing of stimulus information. These ECP
components seem 1o be sensitive to changes In the processing deinands of the task imposed on the
operator but not to changes in the physical characteristics of the elicitng external stimuli (Sutton, Braren,
Zubin, & John, 1965). Those iater cccurring ECP components have been ciassified as endogenous
components. The ECP endogetious component that has received 'ne greatest attention is the positive
waveform occurring approxirnately 302 msec. after tha external eliciting stimulus onset (P300). The P300
has bean examined as a measure 10 reflect cognitive processing activities as well as a measure to refliect
woikload levels. (See Pritchard, 1981 for 8 comprehensive raview o, the P30 Iiterature.)

P300 and Cognitive Processing. The P300 waveform exhlbits systamatic changes in iatency and
amplitude that are used as evidence fo: its sensitivity to aspects of inuman information processing. In
general, the P300 amplitude seer.s to be sensitive to the task relevance and the subjecdve probability of
the eliciting external stimuli {Duncan-Johnscn & Donchin, 1977). For example, the P300s elicited by task
ralevant stimuli are larger In amplituds than the P300s elicited by stimuli not reievant for the task to be
peHermied (Roth, Ford, & Kopell, 1978).

The P300 latency appears sensitive to the time required to recognize and evaluate task relevant stimuli
(Kutas, McCarthy & Donchin, 1977). That is, the P300 latency reflects stimuius evaluation time in the
gense that identification and svaluation of a stimulus must be completed before the P300 is observed
(Pritchard, 1981). This relationship batween P300 !atency and stimulus evaluation has been
demonrstrated to by indapendent of response eelaction ang execution process. McCarthy and Donchin
(1981) manipulated stimukis svaluation tims by embediding a target word (PSQO gliciting event) sither in a
matrix of # signs or within a confusable background of leitsrs. Rasponse gelection was manipulated by
changing the compatibility between the target word (right or left) and the responding hand. It was iound
that both visually cistracting stimuli and stimulus-rasponse incompatibility increased reaction time to ths
target words. Only the presence of the distracting stimulus tackgrounds (latter hackgrounds) had a
significani effect on P300 latency (i.e., more evaluaiion time was needed 1o identify target words).

F300 and OWL. The iindings just cited provide evidence that the P300 is sansitiva to aspects of
cognitive processing. Further, the relevanca of P300 measures /2mnliturda and tatannv\ ta anarator
workload has baen demonstratess in a sares of studies conducted at the Cognitive Psychophysiology
Laboratory at the University of Illinois. For example, Isreal, Wickens, Chesney and Donchin (1980)
examined a display-moniioring task in which operators monitored 4 to 8 targets that moved across a
television screan. Hai of the targets were square-shaped objecte and half were ‘riangular-shaped




objects. Operators wgre required to monitor one class of targets (squares or triangles) and to detect
changas in aither direction of movernent or brightness. A secondary task was aiso required of oparators.
Oparators were required to listen for high and low frequency tones that were presented during the
performance of the display-monitoring task. They were instructed to count to themselves the nhumber ot
wities e high pitch tones (lower probability of occurrence than the low-pitch tones) were presented
duting tha course of trial runs. They were told to raport this number at the and of the triai-run. The P300
elicited to the rarer of the two auditory tones was used as & measure of operator workload leveis. The
concept behind such a measurement scheme is that the primary task will occupy operators' percepfual
resources as a function of the primary task demands. More Darceptual rasources are needed to monitor 8
rmoving targets than 4 moving targets. As a result of this manipulation, the available perceptual resources
needed fo detact high frequency fones under high primary task demand will be less than under low
primary task demand and therefore will be refiected in the P300s to such tones. The iesults of the study
supported such a measuremam scheme. The P300 elicited under control conditions (no primary task,
counting of tones only) was highest in amplitude. This was foliowed next by the low perceptual demand
condition (4 targets to monitor). Finally, the high perceptual demand condition (8 tarpets to monitor) was
lowest in P300 amplitude. The conclusion to be drawn is that the P300 seems sensitive to perceptual
task demands (i.e., workload).

The use of the relatively non-intrusive sscondary task just described (auditory monitoring 10 detect
infrequent occurring tones) has been called the oddball paradigm (Donchin, 1981). The oddball
paradigm has been employed in severai workioad stirdies with sirilar rasults belng reported. For example,
isreal, Chesney, Wickens, and Donchin (1580) and Wickens, Kramer, Vanasse, and Donchin {1983) have
reported the P300 amplitude elicited by the secondary task (oddball paradigm) decreased as the
perceptual task demands of the primary task increased.

Further evidence in support of P300 sensitivity to OWL has been reported by Wickens, st al. (1983).
They were akle to demonstrate with a primary tracking task in which discrete displacements of the tracking
cursor served as the eliciting stimulus. The P300s associated with such a primary task, as contrasted with
the secondary task, increased in amplitude as the percaptual demands of the task increased {i.e., operator
workbad). Kramer, Wickens and Donchin (1985) have reporied similar results with P300s elicited by a
primary tracking task.

The evidance presemead in support of the P300 as a measure of OWL in this review has been contined
to ~ontrolled laboratory stiuations. However, there have bean attempts to record ECP with the use of the
oddball paradigm in simulation type environments. Kramer et al. (1987) elicited P300s by means of the
oddball paradigm while student piiots flew a series nf instrument flight rule missicns in a single-engine,
fixed-based simulator. The flights varied In difficulty. The P300 amplitude discriminated between flights
such that the more difficult flight mission elicited P300s lower in amplitude for the secondary task than the
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easier one. However, within-flight primary task demands were not distinguishable by the P300 ampilitude;
for example, takeoft, straight and lavel fiight, holding pahemn and landing. Natani and Gomer (1981) have
reported similar success in using the oddball paradigm to slick P300s with a low-fidelity flight simulation
such that P300 amplitudes varied as a function of workioad ievels.

The P300 latency measurs provides an accurate and reliable means to assess the time needed to
identify and evaluate a stirnulus pricr to making a responge. In addition, the P300 latency seems to be
independent of response selection and execution processes (McCarthy & Donchin, 1981). As a result,
the P300 latency can be used to determine the locus of performance changes that may occur. That Is, if
P300 latencies vary systematically with performance changes, one may conclude that identification and
evaluation ot stimuli are contributing significantly to performance changes such as increased reaction
times. However, if P300 latencies remain invariant and stable to performance changes, such changes are
not likely due to kientification and evaluation processing. To lllustrate, Gomer, Spicuzza and O’'Donnel!
(1976) reported a study in which subjects performed the Stemberg memory-scanning task (Sternberg,
1969). Subjects were presented with probe letters of the alphabet (ECPs wera elicited from these stimuii)
and were asked to identify if the probes were mambers of & previously memorized positive set of letters.
Mamary load was manipulaied by changing the number of lettars in the memorized set. Both reaction time
and P30C latency increased linearly as a function of memory set size for positive probe items. Such
results support the inference that stimulus evaluation time (i.e., memory scanning) contributes greatly to
reaction time scores in the Stermnberg paradigm. In comrast, Duncan-Johnson and Kopell (1981) found
that the Stroop eifect (i.e., people respond slower 1o color words printed in a different color than the same
color, e.g., blue printed in the color red as opposed {0 biue printed In the color biue) was mainly due to
response incorrpatibility rather than perceptual interferance (l.e., prolonged stimulus evaluation time),
With the standard Stroop task, reaction time scores showed the usual interference betweean hue and word
meaning. The P300 latencies elicited by such words however remained invariant.

Summary. The use of the Evoked Cortical Potential (e.g., P300) as an index of workload must be
recogitized as a highiy specialized technique that requires a siaft of highly trained personnel famitiar with
the recording techniques. There is also a reed for expsnsive squipment ad sophisticated scttware for
the recording and analysis of the clata generated. Beyond these congidarations, there are other important
technical as wall as theoretical issuas that 1oy limit the applicabiity of using ECP as a measure of OWL:

* The ECP technique is based on producing an ECP in respanse to some time-locked
repetitive stimulus evernt. Such eliciting ECP stimuli are usuaily controlied by the
experimenter and are prase Med as secondary task stimull (e.9., oddball paradigm). 1t
is possible in some system applications {e.g.. field iesting and evaluation) such a
stimuius would represent a form of intrusion and possible distraction 10 the operator.
it may also not be possible to impiement such a controlled type situation for some
syste.n applications.
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* The ECP technkjue requires the use ot electrodes and, in some cases, associated
restraints are needed to raduce artifacts {e.Q., eye movements that may contaminate
visual evoked cortical potentials). As a resuit, the applicability of the ECP technique
may be limited to controlled laboratory sttuations. To itlustrate this point, Wilson et al.
{1963) conducted a study with 12 A-10 tactical air command pilots. The study
involved the implementation of various simulator emargencies conditions, whereby
single evoked cortical potentials to auditory probe stimuli were recorded
simuitaneously with the occurrence of the simulated emergencies. Only three pilots’
ECP data couki be used out of 12 pilots. Artifacts in the EEG dJata ot one pilot
resulted in his rejectiori and the other pilots were rejected due to the fact that their
ECPs failed to meet the ECP criteria for discriminability in order to be included in the
data analysis. Such resuks point out the fragile nature of stich recordings.

» ECP results may not show a strong relationship 0 other OWL measures. As a result,
ECP data may be ditficult to interpret with raspact to their significance and implications
toward system design decisions. For example, Bidlerno (1985) reported a situdy
whereby subjects performed a compensatory tracking primary task and ECPs were
alicited frorn auditory stimuli that were the call-signs designated for each participant.
In addition, cach subject filled out the NASA Bipolar scales 10 index subjective
workload. The resuits were such that 4 out of 20 subjects exhiblted significant
correiations between P300 amplitudes elicited by their auditory call-sign and their
weighted workload ratings. With only four significant correlations out of 20, the
results are nat encouraging with respect to a relationship batwean P300 amplituds
and subjective workioad ratings.

“ tudies that have shown a relationship between ECP components (e.g., P300) and
operator workload have been fimlied mostly to primary tasks that can be characterized
as tracking type tasks. it therefors ramains to be demonstrated that the ECP
tachnique is applicable (o other kinds of primary tasks that are now required of
opercilors because vf the advancemant of technology (e.y., decision type tasks, data
management and data fusion type tasks, and communications type tasks.)

Blood Pressure

Blooa prassure reilects both cardiac output and vasomotor congeguences of dilation and constriction
of the blood vesseis. (Tha vasormotor respense serves two functions: to maintain body temperature and
1o direct hlocd fiow 1o local areas.) The more blcod pumped by the heart and the more the resistance the
blood encounters in the vessels, the higher the blood prassure. Sympathetic activity tends to incrsase
blocd pressure by increasing heart rate and causing vasoconstriction.

Summary. Seve.al studies have reported blood pressure changes with workload. Ettena (1969)
showed relatively small effects over a short term but over a long term the pressure increased substantially.
Similar results were reported by Ettema and Zieihaus (1971) who used auditory reaction time for the task.
Nevertheless, the measure is nol recommended for workicad. One major delirniting factor is that this

measurement requires the operator o sit still to get quality measurements. Further, blocd pressure is a




function of hear tate. One could eliminato a step in the physiological chain and measure heart rate
direcily.

Galvanic Skin Reaponse (GSR): Sikdn Conductance - 3kin knpadance

The gaivanic skin response (GSR) is the measure of the resistance of the skin to the flow of slectrical
current. The resistance of the skin will change with degree of production of the sweat glands which are
innarvated by the sympathetic systam. GSR is measured by applying a weak current through the skin and
measuring the resistance. (Conductance can be obtained by taking the reciprocal of resistance.)
Electrodes are usually placed on the palm or on the wrist. Skin potential is a related measure which is
often used in mogem research.

There is a large psycholog - litevature employing the tecnnique, however, not much has been done in
the workload context. O'Donneil and Eggsmeler (1806) do not evan review the technrique and Wierwille
(1979) only discusses a few repons. For example, Kroese and Siddle (1983) studied workload while
measuring GSR. They varied t.ie stimuius presentation rate of digits; the task was to pick out odd and
even sequences. GSR was messurad on irelevant tones presented during the task. They showed skin
conductance to decling (habituate) more slowly for higher workioad conditions (faster stimulus rates). The
fact that the GSR habituates with repeated presentation of stimuli, raakes it less suitable for workivad
research and evaluation thun many other technigques. The habituation Ip ammplitude of the response may
vary with workicad but it has o be measured over & sories of prasantations and then a new, novel stimulus
must be presented [t mignt be useful for perceived emergency conditions.

Summary. GSR has besn thown to be related to short-term general arcusal effects. Sensitivity is
reasonable; diagnosticity is low. For both theoretical and practical reasons, R is not recommended as a
preferrea technique in OWL assessment.

Electromyography (EMG) (Mescie Potential)

General arousal theory would ¢izirn that an increase in mental activity would be accompanivd by an
increase in muscle tension. Electromyecgraphy is used to provide a measure of muscle tension sno
aclivity. It is, howaver, a measure of sgmatic rather than autonomic Nervous system activity and because of
this i 15 a rathar indirect measure of workload.

Muscuilar tension is related 1o both physical and mental aclivity Indeed, dealing with inappropriate
muscle tension 's one of the mofre comimon approaches to athletic psychology (Nidefter, 1976). In tennis,
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for exempie, missing the tirst seive inay cause the plsyer 10 e up’ with the resill that the muscies ars
tighter and 1ta 1088 on the second servo io not as high. The consenuence often is that the second serve
is aiso mizasd. Ciearty, montal activity has caused a Shenge in MmuLCh state.

The slactrical potential creaied by motor units of the muscie refiects both the force axerted by the
muscie and the tenzion in the muscle. This can be measured by implanting eientrodes in the muscle or.
mre feasibly, by measuring the surface potential. In physical work, R is belioved there is essentially a
Enoer rziction between imuscie activity and the recorded potential. This permits the measurams ¢ of both
(a) immadiate work (forces exested) and (b) long-tarm activity. In the former case, the absoluie forces
recuiircd to move or cparaty car be measured. In the latter csse, tempoeral aneiysis of speed and degrac
of shift will show cifisrent spectral chamcterisics.

Suiinary. There appears to have been Mtle resesrch using this technique in the last ten years.
Wierwille (1979) reviewed & few studies which show increased tefsion (0 be curreiated with increased
workload; O'Donnell and Eggemeier (1838) reviewed ths same studies and came 10 a similar conclusion.
Although the techrique reflects woskioad changes, it ks a technique that measures the somatic system
and is only secondarily tuned into mental workioad. There are also more practics! ways of measuring
physical activity such as video taping movemanis and analyzing them latsr.

Critical Fiicioar Fraquiancy (CFF)

CFF is that transition fraquency at which a flickering Hight passes into percsived steady state, fusion. A
tremendous ameurt of research has gone into this phenomenon over the iast century. Brown (1865) has
reviewed much of the work on intermittent stimulgation up o the date of his review. (See Watscn [1986] for
a the rough discussion of this approach as well as a cument revisw of temporal sensitivily.] The ralative
importance of the phenomenon for this report is, of course, the agplication of the technique for measuring
workload.

CFF is a diffuse but direct measuie of CNS functioning. CFF occurs at frequencies between 50 and 70
Hz gapending on contrast and ilumination (Brown, 1965; Watson, 1986). Because calls helow cortical
level have been shown to have capabilitiss to respond to stimouli at much higher frequencies than
benavioral CFF, &k has been taken to be 2n index of physiclogical functioning of the cortex. Further
specification is provided in a shudy by Wiilson and O'Donnell (1966) which isolates several aspects of CFF
with respect t0 physiological funclioning. The procedures used are 00 complicated and specialized for
applied work; nevertheigss, the results are reiated to the diagnosticity of CFF. They used steady state
ovokad potential to separate out three frequency ranges of flickering stimuli. These ranges are contered
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st approximately 10 Hz (low), 18 Hz, and 50 Hz (high), each with ditiering ampltudes of the averaged
signal, Jolrwing trom the work of Regan (1877;. These rasults indicate that high fréquency transmission
is related to sensory-motor portions of the scanning task vhile the medium frequency & rslatud o
cognlitive portions. This work is suggestive that CFF changes ars related 1o sensory tunctions of the CNE.

Wierwille (1979) reviews one gludy which sugpests CFF changey ars related to fatigue but not
cognitive woridosd in any direct or consigient menner. Oshima (1981) has summarized his work on CFF as
a measure of mental 1atigue. Most of this work is in Japanese and theretore, procedural dewalie are not
readily available. However, he suggents CFF is an effective technique to measure fatigue He 2iso chows
substantial variation as a function of diumal rhythm. Brown (1965) glso reports affects of diurnal rivthm in
his review. Fatigue, anoxig, eitects of drugs, state of arousal, and age are among other factors ghown fo
influence the CF¥ (Broavn, 1965). Wiicon and O'Deonnell (1986) have shown & unigue and o high degree
of stability of response 10 flicker for 3everal individuais over several years.

Summaryv. The CFF technique can be applied in a short period oi time. In generai, psychophysical
measurement tends t0 be quite reiiable and stable when exiraneous factors are controlied. However, care
must be taken with the technkjue to evaiuate all of the tactors which have been shown to influence CFF.
Changes in CFF can be due to & humber of variables, but whan these are factored out, & appeais to be a
broad index of the efficiency of CNS functioning, especially the sensory component. [t could be used
effectively to evaiuate long term oifacts of workinad during sustained operations and the depletion of
resources.

Body Fiuld Analysie

Body fluic analysis is one of the iaw techniques availlable for the assassment of sustained or fong-term
efiects of workinad. Three Lody fluds e known to change their chemical composition as & function of
long-terrn workinad and stress: Biood, urine, snd saliva. Recent worx has concsntrated on urine and
saliva because these two can be obtained relstively - re gasily than blood samples. Periodic urine
collections may be difficult fo eccomplisi bacause of roquirements 10 produce on demand. H8oth urine
and salivary fluids may be particulariy difficult 10 oblain just after iniense stress. (ndeed, the
psychoendocrine approach his besn adopted by many researchers in stress research. Sharit and
Salvendy (1382) provide a summary of both theorstical and empirical work using the approach.

The compounds typically assayed involve both sympathatic hervous sysiem and bodily metabolic
functions. According to Wierwiile (1978), the cuncentrations of compuunds in the urine or parotid fluid
that are exanined and their indications are




o O plnephinne - Bympathatic asryaes tysienm achvity,

= gpinaplirine -~ aympathai ner/oug Gy siem ankd srlrenomaduliary activity,
« 17-hydroxycorticostarok! (1 7-QCHS) - awirenocorical sctivily,

* uroa - protein meteholisey,

+  sodium - mingial metabolism,

»  potasskim - mingral matabolism, and

«  sodium to potasskam retio - metabolic balance.

The usual procedure is 1o gathar sarples before, during and atter a protonged task. The samples are
then analyzed chemically for concentrations of compounds suspected 10 be related to high workioad.
Timing of the collecrion of the flukds may be critical when measuring the symoatheticaily inducad changes.
This timing issue is less critical tor phiysical activity and the metabolic measures. The tachnique is believad
fo Le sensitive to prolonged stress and strain. it is also likely i be sonsitive to physical workload,
particulariy for compounds associated with sodium, potussiumn, and urea. The technigue is useful for
assessing pogsible long-{em effects but is not recommandad for shurt-term aftects (Wienwville, 1979).

An alternative to uvsing body fluid snalyeis might ke t¢ 1se & subjective method, in particular a mood
scale. Frequently used in strass research, the mond scale offers a reasonable aternative lo the chemical
assay method, reduces the resource requirements, and can be administered .mativgly quickly.

Cveral Summary

Piysiciogical techniques assess a variety of physiolog:cal subsystems which iire ditactly or indirectly
ifluanced by workioad variatons. Sctne of these techniques are highly spesialized to examination
particutar parls of the system during high workload. Becauze of the rapidity of nervous system ictivily and
the counierbaiancing effects of antagoristic syxlems, (ne ¥ming of measurer anis is critical. Every
technigue reviewed has been shown ic be sansitive 10 workload and g.most ev. v technique has been
shown {o have fa’ures. One of the imponant asnacts Inveiv ed when applying any physlologica! technique
is the /ecognition that various subsystems opergie in opposition. Accordingh:, data analysis plays an
importani role in the success or failure of OWL assessment tor many of the techniques.

A number of physiological fechniques have Leen used ir. the avaration o workload. The discussion
can be summarized into four broad categories:
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Heast.

Mean rata. Hean raie hkas been snown to be Tensitive 1o workload vanations. The
technique is controversial, but certainly will reflcct high g*ress/workload

Variability (sinus arythmia). Aiso comroversial and a technique which requirss care in
ciata analysis, hean rate variabiiity has been shown to be sensitive to worklcad.

Eye.

Eye movement measurament is the most promising physiological technique in the
applied context. Much of the basis for usefulness of the technique rasts on tha high
degree of rellance on visual information in modern systems. Dweli times give an
indication of importance and/or the difficulty ot interpreting an instrument or display.
The technigue does, however, require considerabie resources. As indicated by a
considerable body of research, eye movement techiiques are certainly sensitive and
have a capablliity for diagnostic information for OWL (iHarris, Giovor, & Spady, 1986).

Pupil dilation has beon shown to be sensitive to workload variations, however,
restrictions required to obtain clean maasuramerit limit the tield applicatior: of the
tachnique. ;

Blink rata und associated measures such as latency have been shown {0 be sensitive
to workload vanations.

EEG/ECP.

Thege two techniques measure electrical activity of the brain. While they have been
used quite successfully in the laboratory to assess cognitive states and their relation
to OWL, the techniques require considerahle resources and can be diificult to
Implement in tieid situations.

Other Techniques.

Blood pressure. This ineasure i not reccmimendod because of the corlounding of
cardiac outptt and temperature regulation.

Galvaric skin responss (GSR). This has been shown to be sensiiive to memtal boad,
however, the effect is one of slower habituation. This tends to less usefu! as a
workload technique.

Flectromyography (EMG). Increas?c muscle tension may be an immediate
consequence of increased workload, tul not wecessaiily. Fer the purpose of
measuring longer terin physicai work, the technique would be usatul.

Critical ficker trequency (SFF). CFF can b mensured easily and reilably. 1t appears to
be sensitive to songer lerm effects, especially for tha sensory system.

Body fluid &raiysis. This is a generai tachniguc which can he used 9 detect fong
term effects of workivad and siress.

156




CHAPTER 6. MATCHING MODEL

The purpose of the matching model is to assist the user in selecting OWL maasures for the Army
system to be analyzed. The goal is to use all of the infonmation available In the best way nossible 1o match
the requiremenits of the user with characteristics of the QWL techniques. The anah'sis of interest to the
user may be for an Armmy system going through the traditionai materiel acquisition process (MAP), or
through Army Streamlined Acquisition Process (ASAP), Product improvement Program (PIP),
PrePlanned Product improvement (P3l), or Non-Developmental item (NDI) procurement. One reason for
the Matching Model Is the cornplicated nature of the OWL measure selaction process. Anodher important
reason for the matching model! is 1o take into account the needs and requirements of the user, and the
intended application of the resuits.

it has been suggested that the Army does rioi have sufficient human factnrs personnel avaiialle to deal
with any but the miost pressing operator workload issues. This was panly revealed in Army interviews (Hill,
Lysaght et al., 1987). Further, with the emergence of MANPRINT, there is an even greater need and
demand for human factors analysis in general and QWIL. analysis in particular. Clearly there is need for
more expertise and greater distribution of OWL information within the Army community. The question
then is how to provide such expertise within existing frameworks and organizational structure. Whils there
are a number of altemative sokitions such as bringing in more experts, by far the beat aternative (and leas:
axpensive) is to use a computerized Expert System approach. An Expert System, fot present purposes,
is & method of formalizing the considerations involved in selecting OWL measures to apply to analysis of
Army systems in various stages of developmerd.

When one calls in an axpert, one expects to get answers to the problem at hand. No answers are
possibie, however, without clearly stated questions. Hence, the expert will often begin by asking a host of
questions, starting with very general issues and gradually asking about mor~é and more detall, finally
coming up with one or more suggesticns. The thought processes generally follow a relatively consistent
line whether the expert be Sheriock Holmes solving a mystery, Einstein daveloping relativity theory, or a
practitioner developing a line of analysis for measuring OWL. Although not always formalized, the steps
are: first, develop a system mode! which organi. 2s the available facts; second, determine what pieces are
missing and where the gaps are: develop the hypotheses; and third, generate specilic questions to be
answered. The point we wish to make is there is nothing so practical as having a system model. This
system description or rmodel provides an organization for the operator behaviors involved and a framework
which is extremely helpful in posing the questions. Such a mode! can often be obtained from analytical
techniques; analytical techniques often have an important secondary function since they provide the
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initial basis of an Army system modasl of the system which {acliitates the generation of questions and
subsequer( angwars. In tha next section, we will begin to formalize the steps a human factors workload
expert would follow in selacting an apps-:priate battery of iechniques.

There are a variety of analytical techniguos which can be used during early concept phases and also
later in deveiopment. Not all of these analytical procedures have boen fully validated. However, in order
to be validated, they have to be used. Accordingly, we will suggest techniques that appear to be
appropriate, independent of validation. In our discussion, we will describe narratively and show graphically
tha reasoning underlying the selection of techniques from the analytical category of the OWL iachnique
taxonomy. Then we will consider some examples and case studies for empirical techniques. Following
that, we wili lay out the considerations for an overall, gensral matching model which includes both
analytical and empirical techniques. During our data collection, the Army community expregsed a desire
for a computer-based rather than a written manual (Hill, Lysaght et al., 1987). To respond to this desira our
expert system will build on developments incorporated in W C FIELDE (Worklkad Consultant for FIELD
Evaluation) which was built to deal with ampirical techniques in an aviation context (Casper, Shively, &
Hanri, 1987). At the end of this chapiar, we will provide some background on computerized expert
systems.

Amalytical Matching Model

Analyiical workioad assessment techniques can and should be utilized throughout a system's
developinent cycle, but are especially important at early, pre-hardware stages. As suggested in Chapter
3, there are few good predictive techniques and many of the analytical techniques have limitations.
Nevertheless, the tremendous cost / benefit value of recognizing and diagnosing problems early on
makes the use of these techniques imperativa.

This section describes the core of the analytical methods segment of the overall matching model. It will
assist the workioad analyst to make intelligent decisions as 1o which analyticai methods to use for a specific
situation. First, the reasoning undriying the model is explicated in narrative form. This presentation is
high-level and is intended to be exemplary, not comprehensive. Then the reasoning is formalized in logic
flow graphical descriptions. We have chosen to begin the formalizaticn process immediately rather than
wait untit after validation; in this way, creation of the matching model in the form of an expert sysiem is
taciitated.
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System Congiderations

The logic underlying this first-cut analytical component is explicated in the following system
considerations. Hopefully, as a result of this report and others (Hill, Plamondon, Wierwille, Lysaght, Dick,
& Bittner, 1987) analytical techniques will recetve a boost toward more devalopment and validation. Tha
main considarations for analytical procedures are:

*  What s the stage of development of the system?

- it the system exists only on paper, then analytical techniques are the techniques
of cholce.

- Ctharwise, if some hardware exists, then both analytical and empirical techniques
are possibie. Please nota, however, that one should not utilize empirical
techniques without a very clear picture uf the questions to be answerad.

= Has a mission scenario been developed for the system?

- lf the anawer is no, then one must be developad. H is absolutely essential 0 have
a definition of not only what the systern must accomplish hut also specification of
the accuracy required and ths available time in which it has to be done.
Additionally, the conditions under which the scenario Is to be accomplished
shouik! ba specified. The scenario becomes the specific framework within which
OWL can be assessed, and time and accuracy become the measures of
effectiveness (MOES) within which the man/machine performance must fall.

- lithe answer is yes, then one can proceed.

* Has any worxload analysis been done on similar systems?

-l the answer is no, then we start fresh doing an overall analysis, pmbably in terms
of task analysis or simuiation,

- It the answer is yes, then one should build on the analysis which is already
available. Certainly, one would want to compare the new system with other
existing systems via Comparison Analysis.

+ Has any workload anaiysis been done on this system?

- [t the answer is no, then we can skip this question.

- |t the answer ls yes. then presumably more detailed questions should be
addressed. it may then be appropriate to analyze a specific portion of the system
in detail using one of the mathematical model techniques or operator simulation.

Real woild! constraints

Having identified system issues, one also needs to consider real world constraints imposed on OWL
analysis. These constraints include limits on the time available to do the analysis (How fast must the
analysis be done? !n what time frame?), the manpower available to do the analysis, the level of expertise of
the staff available (which will have an impact on the length of time required and how much can be done) as
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well as the level of detail required in the analysis. Additional constraints may exist in the form of computer
tacilities to run simulations, both on the hardware side and the sottware skis. (Howevor, it should be
pointed cut that both Micro SAINT and HOS-IV are avaitable ‘0 Ammy users.) Applying the.o consirains
may lead to ruling out certain types of analysis technkxies. For example, ¥ cnly two waeks are wvailable,
then one might only use expert operator opinion to kisntity chokepoints. Otharwise, a moie detailed
analysis should be done.

Decision logic

The flow of the decision logic Is lllustrated in Figure 8-1 and eiucidated in the following outline. This
tigure does not contain all of the appropriite detail it serves to show the prncipal steps, primarily for
systems in the PraConcept or Concept Expileration Stagas. However, analysis of workload is an iterative
process and thesa techniques will be usaful at any point in the snalysis process. Feasibilly checks,
shown in the upper right of the figure, ure aiso repetitive; the proposed analysis must be compared
against real world constraints at varicus steps in the process. Specifically, the feasibility issues are

. Time constrairts, how much time is available to do analysis?

. Manpower constraints - How much manpower is available to do anajysis?
. What is the datail required in the analysis?

. What is the required accuracy of the analysis?

. Facilit 35 - are computers and software available for simulation?

Step I: Has any OWL analysis been done on this system?
Alternatives:
if no, proceed to Step Ii.
If yes, procesd to Step IV.

Step Il: Are any relevant data available? Chack the MANPRINT 6N-LINE database in the Soldier
Support Center for possible databases which may contain relevant information. Also
check the Manpower and Training Research Information System {MATRIS) office of the
Defense Technical Information Center, San Diego, ior material from their MANPRINT
database. The Army Research Institute (ARI) and the Human Engineeiing Laboraiory
(HEL) have strong human factors engineering expertise and it would be wsll worth while
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contacting one or more individuals in these organizations. H no relevant (nformation is
found, go to Stap lIl; otharwise if relevant information ks found go to Stap V.

Feasibliity

Check e o

identity Type |
Work Done

Mission Anaiysis

Current
System

Comparison Expert Opinion
(Expert Opinion) Select Modei
v
Report Report

Figure 8-1. Diagram ot OWL analytical Matching Model.
Step llI: Has the mission scenario been developed?

Requirement: A mission scenario. if not available, it must be developed before
proceeding. (A feasibility check shouid also be done at this point.)

[3]0)

Expart opinion  Use expert opinion from one or more individuale to identify questions
of interest. Experts should be able to identify possible chokepcints to
focus on in the analysis.
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AND
Periorm task analysis
OR
Simulation.

THEN

When hardware ariives, other techniques, especially empirical ones, can be
used.

Step IV: s the previous OWL. analysis information of interest for a comparabla system or on the
system ?

It OWL research has been done on a comparahle system
THEN 0O
Compariscn Analysis betwaoen the older system and the current system.

OTHERWISE select one of the following specific issues for the current system.

lasue 1: Ra-evaluation or additional work nseded, that is, inadequate information is
available.

DO

Expert opinion  Use expert opinion from one or more individuals to-identify questions
of interest. Experts should bu abla to identify possible chokapoints to
focus on in the analysis.

AND
Task Analysis
OR
Simulation.
issue 2: Functional re-allocation of rnan and machine tasks.
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(3]0)

Expert opinion  Use expert opinion frof. ona or more individuals to identify questions
of interest. Experts should be able to identify possible chokepoints to
focus on in the analysis.

AND

Simulation
issue 3: Specific design issues (clarify data and issues).
DO

Expert opinion  Use expert opinion from one or mere Individuals to identify questions
of interest. Experts shoulkd be able to identity pussible thokepeints to
focus on in the analysis.

AND one or more of the foliowing
Math models:
Anthropernetric model
Sensory model
Manuai Cortrol model
Queuing Theory modal
Task analysis:
Cognitive task analysis
Simulation:

Detailed network models or HOS may really be the only siraulation models
speciiic encugh to analyze design issues.

Parformance model - Card, Moran, and Newel. (1986).
Empirical techniques:

Part-task analysis can also be accomplished with empirical techniques.




One of the techniques recommaended throughout is the elicitation of oparator expert opinion. Often
the individual developing the OWL analysis does not have direct, first hand sxperience on the oparation
of the system. Uge of operator experts ¢an both save time and provide a focus on operator chokepoints.
As one can imagine, the definition of an expern veries widely and ons nesds to be aware of the
background of the expart. For axampie, an airline piiot is certainly an axpert on aviation, but would not
normaily have substantial backgrourid on advanced avionics or advanced disnlay technology. A test pilot,
by contrast, would likely have a much richer an! broader experience with new devices and technology and
would be able to identify more quickly the potential trouble spots. This dees not mean that expert opinion
is not usetul, it simply means it should be put in the context of the experience of the operator.

Task analysis is also a technique utilized very generally. Typlcally, % task analysis is done in concart
with, or directly following, a8 migsion scenario dovelopment, which Is required for all systems. The task
analysis forms the basis for performing more formal analytical techniques such as rnathematical mc Jeling
and simulation, and serves as a guideline for any emplrical work.

Empirical Case Studies

Portions of the empirical matching mode! are already available in tha NASA Amaes Expert System W C
FIELDE (Casper et al., 1987). This systern has bsen raviewed by experis in workload research and has
gone through several revisions. The Matching Mocdiel outlined in this chapter is anchored on the structure
of W C FIELDE. However, the workload approach as characterized by W C FIELDE omits some issuss of
major interest to the Army community. W C FIELDE, in particular, does not have the capability for direct
comparison of two or more systems nor doss it consider individual ditferences. Of potantially more
importance, it aiso does not consider conditions under which the systam must operate, such as battlefieid
conditions, or system support requirements. Matiy of these conditions cannot be tested exce in an
analytical wey. These are not criticisms of VW C FIELDE. Most of the OWL iiterature, being more
academically based, frequently addresses issues Jirected o a theoretical interast, instead of those cantral
to the goal of appiication. These academic researchers by and largo have not only ignored some issues,
but hava aclively sought to reduce or eliminate them as contaminates of thie ‘real’ issues they wished o
study. Although theoretical research is productive and important, it is not sufficient. Irdividual
ditferences, which are frequantly controlied experimental facturs in research faboratories, ana the
comparison of combat s;ystems are extremely critical faciors in Army systems developmeni.

it is our intention tc develop a complete and integrated matching model for both analytical and empirical
techniques, and one which will provide OWL measures sensitive to individual differences as wel! as o
comparing several systems. In this section, we will discuss some examples ¢! system design issues and
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provide recommendations for selecting empirical mersures and appropriate ana'ytical techniques for
situaticns of immediate interest to the Army. The issues are focused at Jifferent system evaluation
problems. For example, sometimes a workioad studv may bw Jevised, cther times the study has already
- been done. The moasures suggested are the minimum one shouid collect. The cost of collecting the
data and the analysis requirements F.ave baen taken ko account in our recommandations.

Systern Design and Development Examupie 1

Descriptior: of Exemple. You have a system which requires that the oparator routinely performs savera!
tasks or sub-tasks (e.g., tracking targets, radio communications, weapon calivery, stc.) in order to cairy out
a mission. You are interested in knowing whether an operator can adequately handle ihe systam.
Specifically, what ara the iimits in the operator's performance before the operator's penormanze
deteriorates, that is, show signs of overioad? The folluwing steps are recommended and are aiso
illustrated in Figure 8-2. (The numbaring of the steps matches the Roman numerals in the {igura.)

Step I: Identify the conditions under which this system will be used. Then, identify those conditions
which can be tested. A feasibiliiy’ check is appropriate at this point in the process.

Step I1: Define your measures for the primary task, including the overall systern measures {Type 1) and
operator response measures (Type 2) as discussed in Chapter 4. These performarice measures may yield
important information on overload, system instability, as we!l as permitting inferences on parformance rule
changes. In addition, consider the use of SWAT or TLX to get quantified mesasures about the uperaturs
opinions about workicad as well as interviews of the operator to get additional detail. Finally, the heart rate
measure can be useful as a physiological index and can yield some acditional information. Depending on
the context, ona might wish o consider use of a helmet mounted eye tracking camera for diagnosis.
Video taping the operator during performance of system tasks is highly recommendad and can be used
for delayed, retrospective TLX (or SWAT) ratings.

Step ill: Pasrform the stuoy. But before commencing, review tl.e teasibility. Are the techniques
feasibla? What are the time constraints? How much time is available to do analysis? How much manpowser
is available to do analysis? What is the detail required in analysis” What is the required a~.uracy of the
analysis? Are computers and software tacilkies available?
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L idendlfy conditlons:

Those to be tested and
Those that cannot
be tesied = Fsasiblily
Chack
o Y
. Select techniques:
Primary measures
SWAT or TIX
Hean Rate Feasibliity
‘_ Check
M. Perform the study:
Conditions
Maasures
V. Data Analysis {:
Quality of
Periormance —— Feasibility
‘ Check
Is Primary task
[: V1. Chack cunditions:
performance Yes fomen o
satistactory? Not testad
No Expert Opinion
y ProSWAT L.
s& video tepe)
V. Data Analysis ii: «
Idontify problem:
Performance rules Secondary tasks .
SWAT or TLX detall '
Hnart rate o
Simulation @~

Figurc 8-2.

asJessing overioad in a system.

Step V: Examine the fine structure of the primary tack to look for performarice rules. Examine the detail
of the subjective scales (TLX or SWAT) to try to diagnose and identify the specific issue or probiem. The
heart rate gata can be anclyzec to give more datall ard temporal lccus of the prublem.

Ilustration of the maiching logic for determining the celection of OWL techniques for

Siep IV: Check the prima:;y measuras for performance decrements and DWL problems. Hf there are
indications of probiems, proceed to Stap V. I *here ate no apparent probiams, jump to Step VI.




Step Vi: ¥ thitra are no apparent OWE problems more work mity siil be required. There may be a need
10 ook at the condition.; which wars not tested, such as environmental axtremes. This coulkd be done by a
inirture of analytical and ampirical techniques. The analytical portion would li-clade use of expert operator
opinion both through :niarviews and quantification through the use of ProSWAT (or ProTLX). (if viden
tapes were made oiig:naily, the video 1ape ~.ay be useful hare for replay to the opsrator for retrospective
ratiags.) Model simulations of the ictential chokepoirits could also be done, cuch a8 Micre SAINT or (HOS
to test extreme conditions. The ampirical technicues would focus cn gscohgary tasis in the attc.npt to
drive the operator 1o higher wordoad levels. The secondary task resulis coupled *vith the primary
measures will yield im;ortart data about strategies and identify borderiine workload purtions.

System Design ani Coveloment Example 2

Descriptior. of Exampila. You have two atemutive cesigns of & system or sub-systemn which have been
shown by previous testing to on essentially the same (no differences) with respect 10 primary task
measures. In this situation, you are faced with what appears to b two comparable designs. Which design
do you choose? Since the tesling is already done, this can rasult in gome serious problems ag wili
become apparent in the discussion.

Step I: Identily the conditions under which this sysiam will be used. Then identify those conditions
which have been tested. A feasibility check is appropriate at *his point in the process.

Step li: Deiermine the level of daia available. The data one would want are itose described in Example
1; sp.ecifically, compilete primary task data and the subjec’ive scale data. Additional data are always
welcume, especially video tape of the operators. if the primary task amd subjective scale data are available,
go 1o Figure 8-2 and follow the accompanying description, especially from Step IV on. if these data are noi
availabie, there are & few things ohe can do.

« Redo the OWL analysis as described in Exampie 1, Step IV

e If video tanus are available, (hen ona can ask operators to use SWAT (or TLX)
retrospeciivelv on the video tapes.

* Use analyticai technigues as describe in the Analytical Matching Modas!.

= il 7o data are available and you cannot Jo any of the above, our advice is: Don't ever
get into this situation. All you can do is start a' Step | 2s d- scriber in Example 1.




Syutom Dasign and Developmeint Exampie 3

Descriptson of Exampis. You have a systom that is under a Product Imgprovement Program (PIP) or P31
for enhancements or modificaiiong. You are intersasted in wheiher the operator can handie the new
capabilities and/or new functionality that is planned.

Step I: Identily the conditions under which this system wik be used. Than, identify thosa conditions
which have been iested. The asystem may bs manageable undar test conditions but may not be
managesble under more sxtrema, 6.g., combat. conditions. Note the application of a feasibility check at
this point ir: the [wocess.

Step 1'2: Plan a task analysis to determine i the riew system capabilities involve new tasks which are
added on, or i the now gystam capabilitivs will help the operator perform his duties, or both.

Step iib: Plan a comparisor analysis incorporat!i) expert opinion,

Step lli: Since this is an existing system, a workioad study can be conducted on the prusent system
with a secondary task. This task could be to measure the operator's spare capacity and 1o look for
parformance changes and especially parformance rule differences. The secondary task shouid bs
sclecied 1o be comparable if not analogous 10 the planned modiications.

Step IV: Do a fessibility check before starting. Are ail tive techniques feasible? How much time is
available to do analysis? How much imanpower is available to do analysis? What is the detail required in
analysis? What is the rsquired accuracy of the analysis? Are computers and software avaiiabie for
simulation? Are computers available for data analysis?

Syste.n Dasign and Deveiopment Example 4

Description of example. You have a system undar test and evaluation. Ycu are not only interested in
knowing vwhether the system can be handied by operators within the coritext of 8 mission scenario but
also where the high workload areas are thiat could lead to operator workload problems.

Step I: icdentily the conditions under which this system will be used. Then, identity those conditions
which have been previously tasted. Again, rdo a feasibility check at this point in the prucess.

Step 1 Plot the n¥ssion profile. An exampie of this in aviation would be wakc off, ascent, cruise,
descent, approach, an. landing. llse expert opinion to deterinne those missiun segments which have
highur workioad har others. I you wizh, use ProSWAT {or ProTL.X) to quantify the expen opinion.
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Step Ill: Do a cognitive task analysis © idonty the goals wnd strategies. This will assist in selecting
primary measures and secondary tasks,

Step IV: Then perform the study as suggested in Example 1.

Step V. Are the analytical techniques leasible? Are the empirical techniquas foasible? Huw much time
is available to do analysis? How wmuch manpower is available tc do OWL analysis? What is the detail
required in analysis? What is the recquired accuracy of the anailysis? Are computers and scfiware available
for simulation? For data analysis’?

System Design and Development Example &

Description of Example. How would you deal with individual ditferences, personnel considerations and
NWL while developing and testing a systum?

This example on individual differences often falls in the cracks bstween operator workload and
personnei issues. The Army has 4 wide range of paersonnel capabilties and any OWL analysis should
include this consideration. The operators performing test evaisations may not be representative of the
overail population. Whether the operators are representative is something that can be evaluated.

Tnere are a number of tools being created for the concept/desigi: phase of system developmert which
will help 1o answer personnel/OW!. problems. In particular, the MANPRINT Methods Product 6 is an
analytical tool which is being designed to address the questions of what kinds of personnel characteristics
are necessary 10 operate (and maintain) systemns.

At present, the evaluator can do some straightforward things such as get as much information from the
test operator's personnel file us possible These items would include the ASVAB, any' MOS information
avaliable, and Siilis Qualitying Test (SQT). It is not suggested here that any one ¢r all of these itams
together will provide dotailed predictions of performance on & system. They will permit some relative
comparisons of the genera! capabilities of the cperators tested with the poo! of operators for which t was
designed.

The Basis of a Genersal Matching Model

The objective in developing a general matching model is 1o provide a basis for the systematic selection
of a good, if not optimal, set oi workload assessment techniques for a given ciicumstance. As this is an
ambitious undertaking, we have begun what is clearly an evelutionary process. Such a beginning will
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#arve 10 stimulate rapid growth in the area of workload assessmant. The model offered here builds and
expands upen the concapts contained in W C FIELDE.

The particular use of the matching model will depend on the situation of the user. The user may be the
OWL assessor, or the user may designate that re.a to a designer, an enginear, etc. Many varables
properiy aftect the solection of an assessment tachnique battery so all appropriate personnal involved in
the deveiopment and evaluation should collaburate In this decision. The model offered is designed to
enhance this collaboration.

Specific Goals and Cojeciives

The specific goals 6! this etfort were to develop the framework for a user-certered expert system /
dacision aid techniaue using:

< The rMatching Modei to guide the user to the appropriate workload methodology:

« The OWL intormation System to guide the user to the appropriate background
literature;

« Other Databases to guide the user to the appropriate and available comparison
systems; and

- Other tools as may be available or are in devolopment such as MANPRINT Msathods
being developed by ARI.

The interrelation of the component paits of this approach is iliustrated in Figure 8-3. In developing this
overall model, our guiding principle was and is that the user need not be an expert in human performance
technology, statistics and data 2nalysis, laboratory work, and using computers. It was assumed that the
user will be responsible for dacuding on workload analysis techniques and will be responeible for getting
the anaiysis done. Furthermore, it is anticipated that the user may not be totaily familiar with the Army
system acquisition processes. The emphasis is nct to make a user ints a human factors engineer but the
goal is to make the user more knowledgeable about what needs to be done and what are the available and
preierable opticns. Whereas the Matching Model may assist the user in selecting the appropriate
tachniques, the application of a workload technique may require the assistance oi a human factors
sngineer. Consequently, (here is an attempt to identify and locate expertise where ever possible.




OWL information
r Sysmm
- Other Datebases

UTHER TOOLS

owL

Measurement
Charscteristics

Figure 8-3. lllustration of the various components feeding into the Matching Modetl.

idatching Mode! Developmont

We began to construct our matching model by developing a list of relevant user questions, in a format
appropriate for an expert system. The terminology follows that of an expert system shell and that of W C
FIELDE. Each entry in the list consists of a:

+ Question - to be answered by the user,

« Reason - basis for » decision rule (or set of rules) based on the answer to the
question, and

Alternative User Responses - possible user answers to the question.




Next our set of questions was compared with the issues covered in W C FIELDE. Differences were
analyzed and appropriate revigions were made In our list. The result of this comparison process is the list
of 23 questions presented bslow which form the basis of expert sysiem development. Table 8-1 contains
the set of operator worklnad techniques to ve .ncluded in the Matching Model,

Question 1: \vna! Is the type of acquisition process the system is going through?

Reason:

The selection of OWL technkiues will depend on the type of acquisition process
being used. A Non-Developmental item may not have the goncept phases and
theretare both analytical and empirical techniques can be used from the beginning.
Further, the time availabie for OWL. analysis wil! vary.

Alternatives:

Traditional Materiel Acquisition Process (MAP)
ASAP

NDA

p3

PiP

Question 2: If traditional MAP, what stage in the system acquisition cycle is the man-machine system

currently in?

Reason:

The ftirst two alternatives are predominantly evaluated by analytical teciniques.
Usually, there is no hardware such as a simulator available to do any detailed testing

* with an operator in the loop. Thare are exceptions to this; for example, availability of

generic simulators and rapid prototyping systems in which new displays can be
installed and evaluated. The answer to this question has an impact on deciding which
category of technique is more appropriate. While any technique can be used at any
stage of development, typically, fewer possibilities exist during early stages o?
development. Fiexibility In selection of various evaluative tachniquaes increases as we
go down the list. In some sense, the ease and cost of evaluation is also influenced,
e.g., it only one simulator exists, scheduling time to perform tests will be more difficult
than it several simulators exist. The capability of changing the workload through
systam design decreases as we o down the MAP list for cost reasons. Either of the
first two alternatives will result in a suggestion of analytical techniques. Falling into the
latter three categories does not eliminats the possiblility of using anaiytical techniques.




Table 8-1. Corrplete list of tachniques and measurement procedures for OWL

j Alteinatives
Analytical Procedures

Comparison Analysis
Earty Comparability Analysis

Expert operator opinion
Prospecitive rating scales ~ PoOSWAT
Other

Mathematical models
Manual control models
Information theory mode!
Queueing theory
Other

Task analysis methods
Task Analysis *
HRTES
McCracken-Aldrich
Cognitive task analysis

Simulation mode!s
Time line
Periormance mode! (Card/MorarvNewell)
Micro Saint - network siinulat ns
SWAS
SIMWAM
Human Operator Simuiator (+)S)

Empirical Procedures

Primary task
System Response
RMS Eror
Periormance related
Primary task speed *
Primary task accurac / *
Fine structure
Other

Subjective scales
Rating scales
Analytic Hierarchy Process A
Cooper Harper *
Honeywell version of Cooper-Harper
Modified Cocper Harper *
Bedford *
SWAT *

I* The measurement technique is included in W C FIELDE.
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Table 8-1. Complete list of techniques and measurement procedures for OWL !continued).

Empirical Procedurss {cont.)

NASA TLX (NASA Bipolar) *
WCUTE

Psycnometric methods
Magnitude estimation
Equal interval
Paired Cornparisons
Specialized scales
Pilot Subjoctive Evaiuation
Dynarnic Workioad Scale
Questionnaires/Survay
Interviews
Other

Secondary task

Embedded secondary tasks *
Dual tasks
Stemberg Memory *
Menta! math *
Shadowing *
Time estimation *
Communications *
Tracking *
Monitoring *
Choice RT *
Embedded secondary tasks *
Other

Physiological & eye movements

Heartrate *
HR variability (0.1 Hz) *

Body tluid

CFF

Eye measurements .
Eye point of regard - Eye movemerts *
Eye blinks *
Pupil diarneter *

EEQG (brain activity)

Evoked potential *

Blood pressure

GSR (skin)

EMG (muscie)

Other techniques
Vidoo tape

g' The measurement technique is included in W C FIELDE.




However, the omphasis may shiit to empirical techniques and the data
requirements are much more rigid due to the magnified cost of design
changes. Here we need to focus on precise detailed problems. Part-task
studies are quite useful to decide whather 1o make some hardware changes
or nossibly add dacision aids.

Alternatives.
Pre-concept expicration
Concept exploraiion
Denionstration & validation
Full scale deveiopment

Production & depioyment
Question 3: What is the time frame in which workload analysis must be complete?

Reason: Detfermine the impact of the analysis tims frame on techniques selected, e.9.,
it time is short, then use subjective technigues for both analytical and

empirical purposes.
Alternatives:
Less than a month
Ons to 2 months
Within 6 months
Within 1 year
More than a year
Question 4: Whal sort of system apparatus exists to assess workload during performance of
primary tasks?

Reason: i no hardware exists, then we must rely on OWL analytica! techniques, i.e.,
task analysis, simulation models, etc.

ARlernatives:

Simulators
specific to cunent system
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generic
Prototypes
Mock-ups
Production systam

Question 5: What computer software facilities are available ?

Reason: |f no software axists, thenh we rmust go to othar techniques such as peincil and
paper techniques, i.e., task analysis, but cannot use simulation models, etc.

Alternatives:
Computer sirnulation models
time line analysis
Micro-Saint
HOS
other
Data collection (intertace software)
Data analysis

Statistical analysis packages
Question 6: What computers are available?

Reason: It requires a computer to run simulations. Different simulations run on specitic
machines and may not be compatible with other machines.

Alternatives:
Micro-computer (IBM-PC/AT) or compatible
VAX
Main frame

Other
Question 7: What son of laboratory facilities are availabie for empirical work?

Reason: Some empiricai techniques require speciaiized facilities or equipment.
Primary and secondary techniques may require equipment 1o present tasks
and record responses. Subjective techniques may use computers or
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paper and pencil. Physiological techniquas may require equipment, such
as sensors, to record physical responses.

Alernatives: Video, Audib, EEG, EKG, Pupil diameter measurament equipment, and
Oculometar, 8tc.

Question 8: What statf support is available either in house or through another organization?

Reason: It is necessary to have the expertise (or the expert) available on the various
fopics.

Expert operators on this or similar systems
Technicians, slactronic, computer

Human Factors specialists

Personnel tor testing in laboratory or field

Software davelopers - programmers

Statistical analysis support

Psychametric scaling and /or questionnaire expertise

Question 9: How much staft or manpower is available to do the OWL analysis?

Reason: Certaii. techniques (especially empirical) are very labor intensive. Cenain
techtiiques are more flexible than others in terms of manpower requirements.
Alomatives:
Less than 1 work week
Less than 1 work month
One to six work months
Six rnonths to 1 work year

More than 1 work year
Question 10: Why is OWL assessment being doriz?

Reason: The reason OWL assessment is being done will intluence the types of techniques
used.
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Alternatives:
MANPRINT requirement
Comparability analysis suggests chokepoint
Chokepoint already identified
Comparison of two (or more) candidate systems

Examination of individual differences
Question 11: What i5 the Mission Area (13 areas)?

Reason:  Answers to this question will be heipful in directing the user to appropriate
information already existing on workload evaluation. This breakdown will be
helptul in tracing down comparable systems and may or may mot be usetul in
the matching model. For instance, aviation systems have had considerable
evaluation in the commercial arena by NASA, FAA, and by commercizal aircraft
companias. Othgr areas may or may not hava a similar counterpart. This is
also an attempt to use ali information which may be available in other
databases.

Alternatives:

Close Coinbat (heavy)

Close¢ Combat (light)

Aviation

Air Defense

Combat Suppent, Engineering. & Mine Warlare
Cnrmhat Service Support

Fire Support and Target Acquisition
Nuciear, Biological, Chemical
Communications

intelligence & Electroric

Special Operations

Combined Arms
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Question 12: Is this a derivative system or a brand new one?

Reason: It i is & derivative systam thern the systam can probably be tested in a generic
simutlator using the old system simulation model with mock-ups of the new
operator controls and procedures.

Aternatives:
New
Derivative

Don't know

Questlon 13: What are the criteria against whicn 10 judge OWL with respect to overall man-
machina systom performance?

Resson: Need to know how tha criteria were developed and to what they refer (this
defines the boundaries of the critaria). Dit'erentiate between system
performance which inciudes the man and machine vs. human performance
ahne. A standard is needed to determine satistactory sy-tem pertormance.

Time reguiraments for mission objectives
Accuracy / Error renuiremants for mission objeciives
Both time and accuracy.

Not identified

Question 14: What operating conditions {e.g., environmental conditions) and'/or sysiem usage
factors need to be addressed or simulated by OWL assessmem?

Reason: There are likely 10 be conditions under which the system cannot be tested
even though they are conditions within which the operator woulo be urder
extreme strass, for example, battiefield conditions. These conditions will
naed to be addressed with analytical techniques even if the system exists.

(Part of the answer could be to highlight or alert the user 10 the existence of
voids in the availability of techniques.)

ARemnatives:

Deen Battle Environment
Coveriig Force Operations
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Main Batile Area Ervironment
Rezr Areas

Suvpont Acthritiex

Tratning

N3C Environmant

Climatic Conditions - haast cold, etc.
Neilse

Vibration

Question 15: Are individua! operator diiferences important? That is, does the OWL analysis need
to take into account the caliber and number of individuals availabie?

Raeason:  This question has 10 do with ampirical evailuations, Test systems ars oftet:
svakuated using top cailber operators. Even i indivickials are succoessful, less
capabie operators may nct ba. This sugpests gatiing ASVAB and other data
available on the vpentors and comparing thess test acores 1o the general
level within the MOS.

ARNNTIStIVES:

Yes
Mo

Question 16: What

Rscmon:

are the priimary measures ¢f :uman performance in the syetem?

This is an attempt to het the user defing auccessful performance.

Alisrnatives:

Time requirements

Aocuuracy {or err) requivernents
Both time and scouracy

Fine structur) of behavior

Not identified

Quesiion 17: What are the quatifications/sharacteristics expected for operaters of the system?
Do you need to consider manpower and personnsi, and training issuss’

Reason:

This questan has (o do with MPT objectives. This is a step toward defining
individuai difterences. M the aralysis includss man-in-tne 100, than we wuuid
recommand gatting ASVAB, MOS test data Skills Qualitying Test (SQT), and

182




othar aveailabla iformation. By knowing that, we would be able to infer what
the dominant characieristics mus® be. (This question has to be stated in
appropriate terminology, otherwise, the user may not know how to answer
this very well )

Avematives:
Manpowar requirements (a.g., crew slze)
Personne! requireinents - Aptitudes {a.g., coding speed)
Training - Skilis and knowledge of gokdior (e.g., tima/accuracy requiretnents

for performance of system tasks, knowlodge of othar systems imerfacing with
system to bo developed)

Guastion 18: Has ary OWL analytical analysis been done?

Reason:  Analysis of workload is an .terative process, throughout tha acquisition
development cycle. it is knpontant to determine whether system performance
requirements were fuifilied and to identity the workload techniques used.

Ahernativas:  Analytical Procedures

Table 8-1 providas a list of these alternatives.
Question 13: Has any OWL empirical analysis been done?

Ramson:  When empirical anaiysis s possible (later in the development cycle) the
information gained is very valuabla to users and future OWIL. assessmarit.
Empirical analyses, in general, have more lace valdity then analytical
techniques because they are mors grouncied in realit;.

Anomaetives:  Empirical Procedures

Table 8-1 pMﬁs a list of these altematives.

Question 20: What operator performance charactanstice are relevant to the particular man-machine
system? (Universai operator behavior dimensions [Bertiner, Angell, & Shearor, 1964])

Reason: We ara Interesied in the categories of behaviors the operator must use. Thase
questions can relate 1o the operaiors performance and to the ability of the system to
gigst parleimiancs CharaCleiistics, 6.g., SeWVICING (argets, wywg spucific numbars oi
missions per day. (Tiwe user may not know how to answer this very well in the form
given for the alternatives. it may be helplul 1¢ define the type of equipment and then
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fo Infar what the bahaviors! categorias will ba. K ail of thase etematives are selacted it
will be nacessary to break them oul irto subisats lo deal with them more efficiently )
Absrratives:

Perceptusi

Mediationat

Communication

Motor prcesses

(A corwiv UL s provided in Tabie 8-2.)

Queation 21: Can the operator be imtermupted during a rnission or are there blocks of tire during
tha mission in which the operator can fill out torms?

Reason:  Subjective measures require some lime for fliling out the rating forms. if the
operator cannot be interruptad, then i is hetter fo video tape the session anu
have the ratings compieted latsr.

ARtomtives:

Yus
No
it is possible 19 use video tape and get ratings iater

Cuestion 22: Does the operator have spare time o da other things at yarious poinis in the mission?

Reason:  Secondary tasks niay be used ¥ thare ls gome spare time.

Alternatives:
Yas

No
Question 23: What is the required duration of operator performance?

Reason: Again this s an imponant deisrminant of the types of data which can bs
coliected. Short termn and long term performance are difierent situations and
require ditferent treatment.
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Table 8-2. Listing of Berliner et al. (19 34) taxonomy of coqnitive “ehaviors.

Datects
Inspects
N

Searching for and Obssrves

e Reads
receiving information Receives

Scans
Surveys

Porocpiidl processes wermesme—

|

Discriminates
identifying objects,
| actions, events ' ”'"‘:2:‘

I

Categorizes
Calculates
Codes
information —— Computes
processing interpolates
Remizes
Tabulates
Translaies

Mediational processes  ————1P

Analyzes
Calculaies

Chooses
Probl'cm solving and . Compares
Computes
Estimetes

Plans

Advises
Answers
Communicates
Communication processes  w———gH rrsnarasss roeseen Y adann
Informs
inatructs
Reguests
Transmits

Activates
Closes
Connects

[“sapaniscrste  ——1 m"’m

Moves
Preseic

SPUDN—-S | Sets

] Adhesi
Ahgns
Complex/Continuous -~ Regulatas
Syrchrcrizes
Trecke




.ece than one minute
l.ess than an hour
One io two hours
Two to 8 hours

Sustained performance (over 8 hours)

Expert System Outpur

Possible Recommandations: The outcome and recommendations are selected from a comprehensive
higrarchy of OWL techniques listed Table 8-1. Thoss which are addressed

in W C FIELDE &re noted with an astarisk.

Cutcome Altamnatives: The cutcome possibilities are the entire set of techniquas shown in Table 8-1.

Expert Systeins

Two issues are considered in this section: What is an expert system and What are the reasons for an
expert system?

What is an Expert System?

An expert system codiiies the specialized problem solving expertise of an autherity or, in some cases,
many authorities 10 assist in solving complex problems in narrow domains. £xpertise in a specific domain
may generally be describod as knowledge about the domain, the problems involving the dotnain, anc the
methods and approaches to solving the problemns. The terms expert system and knowlisdge-based
system are often used interchangeably to refer to arificial intelligence based systems that capture
expertise in pmbiem areas. In our approach, an expert system is considered t> be a system consisting of
two separate compenents.

* A knowledge-base representing the heuristics, facts, judgments, and experience
about a selected problem domain.

« An inference processor which intemrets the contents of the knowledge-base to infer
conclusions toward a solution of tha pmoblem.
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The separation of the knowledge from the inferential mechanism permits more flexible development and
application, and more closely folkws how humans deal with complex problem domains. Traditiona!',,
expan systems arg generated by a knowledge engineer who questions extensively an expert in a fiekd to
determine information and know-how about a selected topic, and translates the expert's knowlgdge into a
knowledge-base. This knowledge-base construction is both the heart of aind the main bottleneck to
buliding an expert system.

The Reasons for an Expert System

There «re a number of reasons for deveioping an expert system. Many of these reasons are listed in
Table 8-3. While all of these raasons are relevant, the more important ones are: (a) communication of
knowledge easily and afficiently, and (b) consistency and reliability.

Table 8-3. When expert systems pay for themnsetves (Van Horn, 1986).

| ]

» The expert is not aiways avaliable, the expert is retiring, the expert is very axpensive
or rare

= A shortage of experts is holding back developtnent and implementation
- Expertise is needed to augment the knowledge of junior parsonnel

« There are too many factors or pessible solutions for a human to keep in mind at once,
aven when the problem is broken into smaller units

« Decisions must be made under pressure, and missing even a single factor could be
disastrous

« A huge amount of data must be sitted through

» Factors are constantly changing, aud It is hard for a parson to keep on top of them all
and find what is needed at just the right time.

* One type of expertise must be made available to people in a different fiekd so they can
make better decisions

« There is rapid turnover, a constant need to train new people. Training is costly and
time consuming

« Tha problem requires 4 knowledge-based approach and cannot be handled by a
conventional computational appreach

« Consistency ancd reliatility, not creativity, are paramount

I |
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Summary and Concusions

This intant or this chanter is wo-told within the focus of OWL technique selection. First, the discussion
lays out some examples for the immediate application of OWL techniques in the prediction and evaluation
of workload. Second, this chapter outlines the general approach that noeds to be taken for selecting
OWL techniques. Twenty-three questions are presented which cover &l major aspects ol workioad
techiique salaction.

The generai approach illustrates the seemingly compiex set of considarations which roust ba
addressed in selectir.y techniquas. This general approach ¢an best be implemented in a computerized
expert system. Through this means, the developmsant community has access te broad body of workload
knowledge which is distributed and accessed in a systematic and efficient manner. Both the system
developer and the workload analyst can identify easily the appropriate means to assess workload.

7
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CHAPTER 8. CCNCLUDING COMMENTS AND FURTHER DISCUSSIOM

The overall purpose of this report is to provide useful and practical inforination concerning operator
workload (OWL). This information is used not only for the evaluation of exisiing Army gyysiems but alse for
prediction of workload for future systems. Much of the matarial prezenied in the preceding chapters
represants a fairly comprehensive raview of how researchers and practitionars have defined and
measurad workioad. In the review, we have presented and used traditional clas<ification schemes (e.g.,
Hart, 1985a; O'Donhell & Eggemeler, 1986; Strasser, 1985) for organiziing operater workioad techniques,

A considerable amount of attention was devoted to explaining and defining workload. A number of
definitions of workload as used by researchers were considerad. Workioad has besen defined in terms of
(a) the number of things to do, (b) the time required vs. the time available to do a task, and (¢) the
subjective experiance of the operator. After considering a number of performance Issues and these
workload definitions, we developed the idea of a performance gnvelope in Chapter 2. The performance
envelope is a generalized explanatory concept; it contains the foundations for each ot the three
definitions and aliows for variations in performanse within individuals and between individvals.
Performance can be described as a momemary poini in space within the perforrnance anvelope. We
maintain that variations in operator worklcad, as well as other tactors depicted in Figure 2-2, cause
dispiacement of the operator within the performance envaiope. The proximity of the individual's position
to the boundaries of the snvelope are indicative of the relative capacity to respond. It is this paramater of
operator workload that we deem to be of major interest to system designers.

The main body of the veport is a review and analysis of techniques that have been used for assessing
OWL. These tectiniques were classified into two broad categories: The analytical category which
containg predictive techniquas that may be applied eary in system design without the operator-in-tha-
op and the empirical category which consists of operator workload assessments that are taken with an
opserator-in-the-lcop, during simulator, prototype, or system evaluations. This analytical/empirical
dichetomy is an important distinction in workload assessment. One objective of the present chapter is to
piovide some additional discussion on thig distinction as well as some additional general comments
reiated to operator workload.

The goal of workload assessment is to contribuie tu the processes that snsure acceptable system and
human performance. [t is useful to categorize OWL techriques as objective vs. subjective or primary vs.
secondary, howeaver, such categorizations tend to emphasize ditferences that are independer* ol the
goal of workioad assessment. In fact, such witinctions may serve o cloud the issue. We have often made
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the peint in this repont thas mulliple techiniques should be vead tor a Wil OWL assessment. (Irviged, the
dissocigtion of subjective workioad assessment results frorm empirica! perionmance Is amgle basis for this
recornmandation.} A more general and possibly more usetul distinction is 1o consider operator worklcad
from a cause and effect standpoint: shis has some important Wications for estinaiing workload. We want
10 draw out tha implications by separating the deferminants of oparator workioad from oparator reactions
to that workload. It will be arjued that the cause and efiect approach parailels the analytical/empirical
distinction.

Operator workioad research has iended to be atheorstical and this voiume has been orientad
unabashedly toward practical application of the techniquas and concepts to Army systems. But there is
nothing so practical as 8 workable theory. Accordingly, part of our discussion in this chapter revisits the
workload mode! {Figure 2-2) and considers the review of workload techniques from a slightly different
perspective from that generally presented.

The Determinants of Operator Workioad

Faclors both external 1o and internal to the operator will determine the extent of workload. The external
feciors include job requirements and job constraints that determine the workload of any job. The internal
factors include the operator's own resources and capabilitias. Together, these factors form the basis for
analytical techniques; they are shown in Figure 8-1 and described below.

Job requirements. Job requirements will be a function of the types of tasks allocated 1o the
operator and the rapidity of occurrence of various events fo which the operator must respond. The types
of tasks gre important because they wili determine the kinds of acts which an operator must be able tn
produce whila doing the job. The rapidity with which events occur will determine the frequency and the
time availabie fo produca various acts. Further, the sequencing and timing of externat avents confronting
tha operator will vary from moment to moment. Bacause of this, the workload associated with a job will also
change over time. The same observation could be made ahout the workioad of a particutar task or a
particular gct. Although it may be true that a single set of values could be eslimated for the average
workload of a job or task or act, it would be ignoring ine fact that there are disiributions of workioads ‘or
jobs, tasks, and acts.

Job constraints. Job constraints inciude the resources furnished to the nperator (e.g., the design
of the workstation, and the types of equipment and supplies the operator can use in pertorming the job).
For exanple, the extent to which the workstation has heen enginssred for the human can impact
significantly the worklcad of pertorming the job, and hence, tha difficutiias of various job-reiated acts.
Because the working status of various equipment Rems and the availabiiity of supplies and services may
also vary from morment to moment, the job constraints wil' probably add to the cverali variability of workdoad
and perforimance cistributions.
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EXTERNAL DETEARMINANTS

' JOB REQUIREMENTS
Tasks

EXTENT OF
WORKLOAD

.

INTERNAL DETERMINANMTS

Figure 9-1. lllustration of the determinarits of operator workioad.

Internal Determinante. Factors within the operator determining the extent of workioad relate to the
various internal resources and capabilities that the operator carries into and applies to the job, tasks, and
acts. There ars, of course, tremendous individual differences in the resources and capabilities of potential
operators. Appropriate selection, placement, and training of operators can be expected to result in
greater suitability of internal capabliities and resources of operators assigned to a given job and also
reduced variability of individual diffarences. Periormance would be axpacted to improve as a resuft of a
reduction in workload. Howaever, it is unreasonable to expect that all individual differences can be
eradicated by these moans (e.g., Adams, 1987). Therefore, we must assuma that even after appropriate
personnel actions have been taken oparators will vary in their capabillities to perform various jobs, tasks,
and acts.

interactiona of External and internal Factcrs. The exient of workicad imposed on an operator will
be a tunction of the external job requiraments and constraints and the operator's intemal resources and
capabilities. These determinants differ from operator-to-operator, irom day-to-day, and even from
moment-to-moment. Perhaps more impontantly, tasks can interact. Although it is parhaps a poor evample
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because it could be memorized, the ulphabetic/number interisaving task described in Chapter 2 is an
example of detrimen’al task interactior Bacauge of these varations, the estimation of extent of workioad
for a given job, or even a given misshn or mission ssgmant, I3 noither a simple nor a siraightforward
exercise. Cerntainly, workload canrot be svaluated Yy considering one task at a time without
understanding the corext of other currant tasks that will be required.

impiicaiions for Analytics Prediction of Operasor Yorkosd

Task Analy'8is. There are sevaral iimplics.ions of the cause/effect distinction for the prediction of
workicad. For example, enumerating the various operator tasks can probably be accomplished with
relative eass. Dstermining the frequency, saquencing, and especially the intaractions of those tasks is far
more difficuli. It requires careful and accuratoe determination of the extamnal events which will probabiy
occur for a variety of mission situations as well as the caraful and accurate determination of the probabie
external roscurces tt.at will be available to the operator.

Obtaining accurate sstimatas of the expacted frequencies and sequences of tha cperator's tasks is,
however, only the starting point for workioad analysis. One of the goals of traditional task anslysis was tc
arrive at estimates of the kinds of acts (e.g., percaptual, cognitive, paychomotor, communications)
required by those tasks. A second gosl was {0 arrive at estimates of the times required by thoss acts (and
hence, by the tasks in which those acts occur). The times to accomplish vanous perceptual and
psychomotor acts will ultimately depend on the operator's workstation; accurate gstimates of somo times
are not possible without first determining the layout of the workstation. There remaing much coniroversy
over these time estimates (e.g.. Holley & Parks, 1987), especially when they ara obiained in a subjective
manner and the astimators &re not requirsd to specify what assumptions they have made. To ameliorate
this problem, mos? analyticzi techniquss have recommended using SMEs (e.g., actual operators) in a
standardized. structured estimation process.

Periormance Modals. For obvious reagons, SMEs are generally preferred over novices. Some Jf
the techniques reviewed in Chapter 3 (e.g . HOS) reduce the use of SMEs to (a) describing the detailed
steps in each) task and (b) the likely desion of the crewstation displays and controls. HOS assumes that
SMEs can be relied upon fo arrive at sufficiently valid descriptions of this typs of information, but it does
not make the additional assumption that SMEs are niecessarily good svaluatois of either the acts or the
times that will be required by the detailed steps in each: task. Indeed, we know that operators do not do
well in these regards (Spady. 1978a). Instead, HOS ralies on a fairly complex, computerized human
operator model to accomplish those latter tunctions.

Determining accurate sstimatos of which operator acis will be required and when tt.ay will be required
ara, themselves, complax probiems. But, in reality, they are meare'y the beginning steps for predicting
human performance and estimating operator workload. Te time needed to perform the acts and the
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accuracy with which those acts can be accomplished will be & function of the capabilities and resources oi
each individual operator. Thus, one can expect a distribution of relative workloads for ditferent operators
just as one can expect a distribution of relativa workicads for ditferent missions and scenancs.

The time and accuracy o perform any given act wili be dyriamically changing from moment tO moment.
Benause the ultimate measure needed for workload is related to how close the individual is coming to the
adge of his acceptable derformance envelope, estimating workioad remxins a highiy challenging p/obiem.

Meavuring Operaiors’ Reactions to Workload

The preceding section contained discussions about the various determinants and causes of worklcad,
on the analytical side of workload analysis. in that approach, one examines the conditions usnder which an
opaerator will be required to perform iasks and on that basis, arrives at estimates of what the performarice
and workload should be. On the empirical side, we examine various types of nparator reactions tc
performing 2 job and, based on those reactions, amive at estimates of what the workload must have bean.
in this section, tharefore, we wiil discuss the various outcomas and effects resulting from workload.
Howaver, rather than use the more traditional four-level taxonomy prasented earlier, it is suggested that
the measurement of outcomes of workioad can be described more parsimoniously in tripartite terms of the
operators' (2) job-related acts (primary and secondary task measures), (b) concornitant physiolojical
changes, and (c) subjective reactions engendered as the operator attempts to perform the assigned job.
Figure 9-2 illustrates these effects of operator workioad.

Job-related Acts. Job-related acts are synonymous with job requirements and required acts
described in tha discussion of workload determinants. Estimating whei cetiain acts occur can be done
using either subjective or objective techniques. Some of thcse acts are observabie and can be measured
in highly objective faghion. For example, head and eye mcvements and visual tixation can be determined
objectively by measurement of the ays. Limb movements, grasping and manipulating contro! devices.
and use of speech for messages can be also measured and timed very accuraiely by the primary and
secondary task measurement techniques. However, not all human joo-related acts are diractly
observabtle. EEG data indicate that intemal events are continually occurring within the brain, but they
provide little information on what specific events are occurring. To a large extent ECPs and the variability
in heart rate may be considered as preliminary attempts to measure indirectly the occurrence of those
various internalized activities which are not direcily obsurvabie.

Physiological Changes. Physinlogical changes represent the second typa of reaction o the
workload an operator confronts. There are twe broad subtypes of physiological changes: Momentary and
long-term. The momentary changes ars represented by ECP techniques, pupil responses, eye
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Figure 9 2 The measurable reactions to workidad. The essessment techniques are shown in the shaded
&reas.

movements, and the like. Thess momantary changes have besn well documentad. There also is little
gueshion in the long-term that a varnety of biochemical byproducts are generated as the operator goes
about performing a job. The increase or decrease of certain chemicais in the bady may be related to the
depletion and recovery ol some of those resources neaded 1o perform varipugs acts. What we are
speaking of in the long-term case are not the varicus physiological indicators thait a task-related act has
occurred. but rather the concomitant physiological changes occurring because intemal resources are
bein depleted. Saveral of these types ot physiclogical clianges are discussed in Chapter 7. Because of
the complesity of the varying time delays involved In the underlying physiclogical processes, the
detectable changes have little diagnostic value at present for determining precisely which acts were
refaied to those changes

Operator Experiences. bubjective axperiencas are the third type of raaction to the workbad
confronting an opersior. We know that some types of ssperionces ( .g., anxiety, fear, fatigue, contusion,
frustration, anger, failyre) sncountsred in work shugtions are comrelated with various concomitamt
physiological changes. We also knpow tha' some types of axperiences may be correlated with e

operator's level of periormance. Thus, there is an obvious cveriap: between an oparator's reactions to
workioad that we classify as an axperience and the other two worklcad eHect cttegories. However, the
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overia is not parfect and somotimes the comrelation is aven negative. This has been caked dissociation
by varinug wvestigaiors (e.g., Dermick, 1968; Yeh & Wickens, 1984).

A related protiem ig that the kinds of experience frequently reported by workicad researchers are
correlated smwong therssives. Thus. it Is ikely that a person who reports experiencing confusion may alsc
report feeling trusirmied as well. If exparisnces are imporiant effects of workload, we need to isolate tiwir
indepandent dimenaions. Subjective experiences ars aiso kkaly to undergo continuous changes during
a mission. I one waits until the end of a miation 10 collect data on subjective experiences, & is possible
that earlier experisnces may have besn forgotter:. I s élao likoly that subjective reports will be influenced
by the perceived ocutcomaes 21 the miagion. For example, when a mission i uitimately succasstul,
operators may tend to play down the importance of an eaniur fesling of confusion. By the aame tokan, ¥
the outooime of a siuation is a falkure, the operator, even though he never actualy fet that way duving the
miggion, may now recognize that he must have been confused. This could lead 1o the operater reporting
confugion aven though he never really fek that way. '

A final point is that information is sometimes solicited under the guise of the cperator's subjective
sxperiences when, in resiity, the information we want is the opsrator's evaluaticn and judgment
conceming the goodness of the design of the systam. A relevant question, then, is whether operators
wouid amrrive at the sarne conclusions shout & system design without ever asking ebout their experiences.
From = designers point of view, it will aimost always be more informative 10 know specilics about tasks or
components of the system with which oparators experience difficulty, than just to know that he
expsrienced an overioad. Additionai useiul and diagnostic information can be ccllected by eliciting direct
information from operators about how the system might be improved.

The Relitions between the Determinents srd Effects of Workioad

It should be possible 10 estimate the extent of workicad by examining sither the determinants or the
effects of the wuikioad. For & given situation and individual, one would axpect the two approdches to
yield similar answers to the gquestion of what the extent of workioad was. Indeed, R is entirely possible that
they will not. The major reagon can be deacribed In tarme of the paralisl distinction batween analytical snd
ampirical techniques and the capabiity of predicting vs. measuring performance. The most cbvious
overiap between the two approaches les in: the area of job-raisted tasks and ther periormance by & given
operator. That is, a full undarstancing of the task dsmands, situstional constraints, and capabiities iind
limXations of a given operator should yield acceptable predictions of what acts will occur, when they will
occur, and how well they will bs sxecuted in that gituation. This desired agreemeni between predicted
and actua! acts is one of the major goals of ihe development of human performanca Hrediction models. it
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may be argusd that validation of all of the pratiicted acts cannot be vbirined bacause 30mMe acts are simply
not observable. There i, however, a pantial answer to this objection. it there is sccaptable
correspondence amonyg the predicted and wotusl observed scts and evenis, then the modei iv probably
wccounting for the times reauired by the unobsaervabie pots.

The determinanis approach (o assessing OWL suggests that various internai resources must be being
depleted as acts take place. Tho effects spproach suggoests that soms ol the deteciable physiological
changes might be incicative of the fatigus and recovery of those same intamal resources. Thus, there is a
second way in which the two approaches might be shown 10 corraspond. i might wall ba, howsver, that
some internal physiclogical changes cannot be detected or observed with the prasem technology.
Theorstically, tha deplstion and recovery of various internal resources are résponsible for changas in the
ievel of performance of the job-ralated acts. Thus, I the human parformance model correctly predicts
when the performance of various acts wilt degrace or improvs, then it can be assumed that the depletion
and recovery of interna! resources is bsing accountad for. Currert human performance models Jo not
include provisions for the depleticn and recovery of internal resources needed for the production oi
various scts. Howsver, thare is nothing that prevents that concept from being included.

The determinants spproach, unike the effects appiroach, falls to consider an operator's intema!
experiences. If some of tha subjective axpariences are consicered 10 be the results of the operator's
percepiions, then they aiso coukd be modeled. For example, anxiety and fear could be assumed {0 oocur
when the simulated human assesses the situation in which he tinds himself as being threatoning.
Contusion could be assumed 10 occur when the simu'ated oparator cannot solve problems as rapkily as
he nermatty c&n or when processed information {(bercaived and/or recalled) is yound to be contradictory.
Fasilings of physical or rental fatigue could be assumed to occur when the coimesponding acts huve been
requirsd over a sustained period of time. Even feelings of being overioaded could be assumead to occur
whetiaver the model of human perfomnance indicates a recognition of job demandds outpacivy available
time. Thus, & is conceptually Jeasible (though a major undertaking) to congtruct human performance
modeis that would &iso include the generation of subjeciive experiences as weil as the pesrformance of the
ssslgnied tasks. As K would have to inciutde various introapective tusis along with the pb-reiated ones,
such & modal would be more coraplex that existing ones. It might be, however, that ultimately siich
modals wouki be more accurate in pmdicting actual job performance bscause they coukd account for the
Femal motivations of the operator.
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Thie Noad Ror Further Valloution

The cauge (determinant) and sffect (reaction) approach Is nothing more than looking at two tides of the
samy coin.  Resexrchars huve donae thls implicitly in daveloping and spplying analytical techiniques by
often using data from empirica! technkpies. But they have simply not gone far enough. Too few of the
analytical technigues have been sufficiertly validated. Without thorough validation, we do not know it we
have a good, practicai technique or an interesting, untested theoty. The lack of validuted analytical
intormatiors on OWL supgasts looking at both sides of the coin. As a rasult of converging oparations
{Chapter 2) a claarsr picture can be obtained from several uncariain views. This Is the predominant
rationale for our advocacy of OWL techiique batteries.

Future Directions

Having considered virtuatly overy workload assessment technique and thereby having ebtaired a rare
ovarall perspective, we would be remiss not io highlight several gaps in the technologies and content of
workload rasearch. Of course, many things need 10 be done to create more applicable and validated
workicad tools and techniques. Analytical techniques in particuiar rapresent an area rontaining many
technological gaps. This has been considerad in the discussion of Chapter 3 as well as in this chapter.
Two major areas ot OWL research that need turther study are: multipia task performance and individual
difterances. Each of thase topics not only has impact on operator workload evaluation, but also on
prricrmance and other areas of MANPRINT concems.

Eatimating Workioad for Multiple Tasks and Multipie Skustions

A good deal of tha laboratary workicad research has dealt with gingle or dual task sxperiments
occurring within a single or possibly two diffesent sets of task conditions or sttuations. Aithough the
resuits of that research have beern intaresting, most Army jobs of irnterest have multiple ongoing tasks.
Further, as pointed out earlier, even though the nature ot an operator's tasks may be similar from one day
to the next, the ralative difticulty of the various mission situatons confrorited nray change significantly on a
day-to-day basis. Figure 9-3 illustrates the two dimensions of number of concurent iasks and number of
ditferent situations in which the tasks ocour. This figure, of course, is an abstraction. in reality separating
discrete slements of tasks or situations may be difficult.
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Figure 9-3. Relation of number of tasks and number of situations.

Despite the fact that most empirical data coilected on operator workioad come fmim the lower lefi cells of
Figure $-3, the major interest for future workload research will be the upper right multitask, multishtuation
cell. In many exparimerts, subjucts have been required tc perform only a single task. in this case. itis
relatively easy to determine how well the sublect has performed the job. When a second task is added o
the job, as in the case of dual-task studies for axample, it is muchi less clear how one should evaluate the
overall performance of the lob. Yet, it is clear that job performance and operator workloat cannot be
evaluated by examining only the performance on the primary task. ignoting time-sharing requirements.
Rather, overall performance on all ongoing tasks must be consicarad in amiving at estimates of workload.
How this is to be done is one of the most chatlenging issues, nnt only {for workload assessmert, but also
for overali pgriormance prediction and evaluation.

An advardage to collectit.g data L multipie situations is that, not oniy can measures of inieresting
parameters for each task be obtained for each situation, but they car be compared acros:; the various
situations. For sxample, our discussions in eartier chapters indicaied that changes in the frequency or
axtent of certain kinds of acts from one period to ancther might be indicative of the operator applying a
different set of parformanca rules for the same acts in ditferent situations. The technique of adding a
secondary task can bast be undersinod in the context of changing the situation in order to see how it
afiects performance on all of the other tasks. The issue ¢f oredicting the impact of additiona! tasks on
overall job performance is, of course, central to the whole ptoblem of aiwcating tasks to an operator. The
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cvoncepl 6! manipulating the difliculty of any task t. see how R will impact overall job performance is aiso a
ussful technique. Adding new tasks or iIncraasing the difticuty of existing tasks are altemative techniques
for datermining the location of the operator in his pariormance anvaiope. In the procets of evaluating
cperatar workload, we do not yet fully understand whers the boundaries of acceptable workioad are for
the human. Incrementally adding to the wortdoad untii parformance beging 10 deteriorate or 10 breakdown
i¢ similar to methods used in the physical sciences for testing the tensile strangth of varicus materials.

Wo have stressed the importance of not only estimating what opearator performance will bs under a
variety of expected mission scenarios, but giso knowing how ciose k will come to the boundaries of
unacceptable parformance during those missions — even ¥ every operator's performanco were comy.etely
acceptable. The purpose in doing this i3 to understand better the margin of error in a proposed design of
a new system. That margin of design error is especially important bacause fuiure demands of any job may
well be more difficult than originally anticipated and new tasks may have 1o be added t0 counteract
technolegica! advancas or doctrinal and tactical changes in the employment of hostile forces.

The application of improved knowledge about performance in multilask situations will ciearty benefit the
gystern designer and impact not only workload svaiuation but aiso # variety of MANPRINT issues. The
designer will benelit by being able to improve designs and optimize task allocaticn. The trainer will Senefit
by having a better understanding of performance niles and which components need more emphasis. The
trainev will also bene!it by being able ic teach time-sharing skills. The suggestad approach is clearly
interdisciplinary. The need for considering diverse seis of data from neuropsychoiogy, from individual
ditference research, from performance research, from human modeling and artificial intelligence, and from
mathematical modeling is simply 100 much for any single researcher to master.

Aftention and Switching Among Tasks. A general conclusion from this raview is that a full
understanding of operator workload will begin to emerge only when sufficierd workioad investigations
have ermnphasized muitiple tasis and multiple situttions. The supgestion of looking at mufiple tasks and
muRiple situations is a general plea, however, and we can be more speclfic. Because multitask situations
ars common occurrances {or an operator currently and may weli become even more commori, we need
more information and data about mutitask performance and an understanding of the relations armong and
impact of individual tasks on rmuttitask performance. in particular, the issue of time-sharing abilities comes
into focus in this context.

The importance of the interactions of two or more tasks on performance cannot be oversstimated.
Mental workload ofien increases when two or more tasks are 10 be performed concurrently. This is
certainly not surprising trom several ditferent theoretical approaches. We prefer an explanation involving
attention switching for the following reasons. First, f one assumes that operators ¢an consciously attend
to only one thing at a time, the multitask situations require operators to decide which task should be
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to only one thing at a time, the multitask situations require sperators to decide which task shouid be
attended to at various poins in time. This additional mental task clearly doss not exist in single tes
situations. Such decicions, especially in rapidly uniciding combat situations, are far from trivial. The
operator may wel! {ael torn batween working on geveral critica! tasks, aach of which is currenily demanding
his attention. Secord, espacially when tasks are considered to be approximately of ¢v.al importance,
multitask situations may result in fraquent interruptions of the current task to determit.» the need to work
on the others. Even if the task is considered the most critical, the time and effort to rwaluate the status of
the other tasks iakes mental time and effort. Third, the interruption of a task means that soma time elapses
during which the interrupted task Is not consclously atterxied to. When the operator retums 1o the
imterruptad task, he may he surprised &t what he now finds. The actions required may be somewhat
different from what he had anticipated thus requiring yet additional mental effort. Finally, the continua!
switching among several {asks may require some additional time to reestablish the contents of the
operator's working memory with the current situational data and the procedural rules for the task currently
being worked on.

There are a number of experiments supporting the attentional switching conceptualization. Mewhort,
Thio, and Birkmayer (1371) used dichotic listening and showed, independentiy of other factors, that the
number of required switches had a dramatic irpact on recali. In a different context, Weichssigartner and
Speriing (1987) concluded that attention consists of two partially concurrent processes. One is a fast,
effortiess, automatic process (on the order of 100 ms) and ttie other is slowaer, afforiful, controiled process
(on the order of 300-400 ms). The faster process is affacted by manipuiations often considered as parailel
processas that are independent of task ditficully while the slowar is affected by variables typically
considere:d as serial processes and related to task difiicutiy as well as training and practice.

Althcugh data bearing on attention and switching problems are available from dual task investigations,
many of the experiments reported in the literature have used tasks (both primary and secondary) that have
little similarity with real world tasks. Aftentional decisiot's as to which of the two tasks to work on in those
sliuations are triviai when compared to most rani-world situations of interest. Indeed, conclusions drawn
from those types of investigations may simply be krrslevant to the real problems confronted in designing
compiex human-machine systems. Our earlisr siatoment that future experiments should investigate
multinle tasks performed in muitiple situations or under mukiple conditions includes the collection of
relevant data for understanding attention switching problems.

The Need for New Metrics. As more realistic multitask multisituations are investigated, the issues
of performance and workload trade-off and how they can be handied, wiil become more and more

apparent and more pressing. New metrics are needed to facilitate more precise predictions about the
trade-ofis. One metric proposed Is the performance operating characteristic (POC) (Norman & Bobrow,

200




1975). The POC is a way of representing ths data obtained from two tasks done ingividuaily and in
combination. Under the wwitipla resource theory (Navon & Gopher, 1379), Wickens, Mountford, and
Scivelinar {1981) have developed a normalication scheme which they claim provides such a metric.
Egsentially, their recommendation is to normalize dual task peiformance to single task psrformance.
Kantowitz and Weldon {1985), howevor, have shown some of the dangers of using such & procedure.
Through simulation, they have shown that erroneous conclusions could be drawn from the application of
such a transformation. Further clarification has been offered by Wickens and Yeh (1985). Until these
issues are settled, the POC may be a useful way to presant data but its application shoukd be extended
only with care.

it may tum out, as suggesied by Pachelia (1974), that spasd/accuracy trade-offs and other similar
performance trade-ofts shouid be handied with weaker scales of measuiement (e.g., ordinai) and not the
interval scales currently attemptec. Other mathematica! techniques may &lso be useful such as
correlation, conjoint measurement, and factor analysis. Regardless of the uitimate nature ot the metrics
needed, it is obvious that much work currently remains fo resolve this problem.

Individual Differences, Perforrmance, and Workioad

Our account started in Chapter 1 with a quote from a little book that dealt with issting for individual
ditferences and it is fitting 1o close with some comments on the same topic. The usefulness of personnel
testing during World War | was clearly damonstrated and documented in that 1920 reference; such testing
has continued to the present. Although such information is highly useful, it is useful only in a broad
sanse. It does not provide the detalled infermation needed to predict operator parformance precisely.
We can ill afford to build a system and then determine whether scldiers can operate it. To use analytical
techniques in a more beneficial manner to determine performance before the system is built, it is
necessary to have a considerabls amount of detailed information. In many ways, this approach
compliments the multitask approach.

it is not that individual differences have been igiiored in the experimental literature, they have been
consciously set aside in favor of examining population means. (This is by no means a new point [e.g.,
Noble, 1961; Ozler, 1980].) About the only information available from many experimaentz! repons related
to individual differences is the information contained in the smor termme and the subject term of analysis of
variance or in the means and standard deviations which are sometimes presented. Further, much of the
research conducted in universty laboratories has dealt with a highly restrictod population. Accordingly,
even if information was presanted about individual differences, one usually does not have information
about differencas for the population of Army operators. While most investigators support the importance
of individual differences, cne can find only a few volumes (e.g., Eysenck, 1977; Miles, 1936) that deal with
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individuai variations in an experimental context ar:J provide data nesced for the snatytical technigues.
Foctunately, the stuation is not as stark in other areas of research.

Any consideration of individual ditferences and mertal workioad lands one aquarely in the domain of
ineliigence. Mauny years ago, the neuropsychoiogist Karl Lashley {(1829) outlined severa! major
theoretical positions on intelligence. Two ol these genera! theories are extant: the general plus special
abilities theory (e.g., Spearman, 1927) and the spectfic abilities theory (e.g., Thurstone, 1938). The
general theory hokds that there exists one general intelligance factor plus some ability specific to the test
used. By contrast, the specific theory holds that intelligence is the aigebraic sum of a number of diverse
capacities. There are, of course, many variations of these two classes uf thoory; the theory subscribad to
can have tramendous implications for the approach taken toward individua! difference research. diuch of
the resaarch in individual differences in abilities has utilized factor anaiytical approaches.

Emphasis on Undgriying Acts. Akin fo traditional factor analysis are several theories and
approaches which emphasize the various capacities and resources that underlie performance on many
different tasks. Work on attention has emerged from information processing and cognitive theories about
behavirr  Coupled with the attention work Is the evaluation and identification ot mental acts involved in
performance. Typically these approaches have not focused on individual diffarences but there is no
reason why they cannot be extended. Navon and Gopher (1979) postulated that different amounts and
types of rasources are required for different task combinations (cf. Navon, 1984). Wickens (1384),
building on the information processing approach, has formulated this idea into a relatively few genaral
dimensions (e.g., verbal, spatial, auditory, visual, speech, motor) to deal with the multiple task problem.
There are a number of other ways of examining behavioral detall associated with mental acts. Researchers
have genearated a considerable amount of data relevant to the issue using a number of approaches,
including perceptual processing (Gamer, 1974), brain damage (Luria, 1966), skill learning (Adams, 1987),
and the nature of intelligence (Guilford, 1967).

In his Underlying internal Processes (UIPs) theory, Wherry, Jr. (1986) emphasizes individual
differances and postulates that most differences in task perfortnance are attributable to the number of
times different UIPs must be invoked for a given task and how fast and how accurately different UIPs are
performed by those individuals. Based on the established moment to moment reliabilities of task
performance, he maintains that the time and accuracy of given UIPs within individuale must also remain
fairly constant. He presents a metnodology by which the number and nature of the different UIPs required
for given tasks can be identified by the analysis of the correiations among task completion times across
many variations of the task of interest. His analysis also permits the estimation of the individuals’
capabiltties for the identified LilPs.

These approaches have much in common. They share with traditional faciur analysis approaches to
intelligence research the concept that individual differences in task performance are attributable and
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expiaingbla by understanding the differonces in humans' capablitias to perform various kinds of
undarying mental acts. As such, they also shara much in comhx:n with ine required acts as oxplained in
our recasting of analytical and empirical wonoad estimation appmaches. Thus, we aiso conclude that
muL g aiiention rmust be paid to quantifying individual differencas in underlying capacities if workioad
estiination is to progress to a mature and useful technology.

Skills and Performance Rules. In addition to the approaches already mentioned, there are sevaral
other directions individual difference researsh m.ght take. One of these is in the acquisition of skili ard
how tasks and acts become automated. Tne other is in the parformance rule/strategy domain. Individuals
differ nui only in their underlying, ~apabilities, but also in the knowledge thay may bring to bear on various
problems. Ozier (1980) has shown clearly tha mia of performance rules in free recall. The difterences
found are quite striking even with a restricted popuiation of college students. Ozler suggests that these
organizational rules (or strategies) are independent of scores on several intelligence tests. Whether
application of performance rules is independent of or related to general abllities is of tremendous practical
importance to operator workioad issues. Indepandence implies no predictability and without predictability,
All of our performance models are inadequate.

Project A. Yet another approach to individual differencas is representac in Project A. This is a
large scale program undertaken by the Army Research Instituts to supplement the ASVAB for the
purpuse of improving the prediction of successful performance In both training and on the job. Petsrson
(1985) provides an overview of the sieps tzken to develop additional personne! tests. The overall
program involves not only developing new tests but also validaiing these tests against criterich solidier
performance. When complsted, the database will contain a considerable amount of information of
relevance to performance. Of particular impnrtunca is the fact that some of the naw tests being developed
are computer-based performance tests in which information being evaluatoed by subjects can be
dynamicaily changing and perfcrmance patterns and performance iimes can be measurad. Thus, it may
ba possible to assess undertying processes not testabie by the typica« papsr and pencil methods.

And Finally, &t resfly is an Elophant!

It is difficult, perhaps impossible, to summarize a volume of this siza in a few well chosen sentences.
The reviews of workload definitions, techniques, and approachas represent a massive affort rarely
undertakan. After having the opportunity to exarnine the great diversity cf those definiiions, approacnes,
and workload estimation techniques, we have been struck by tie fact that wa havs, indeed, been tooking
at the same elephant.

One objective of this iinal chapter was to provide a further synthesis of the materials from ihe preceding
chapters. We have attempted to iliustrate and clarify the very real overlap between traditional analytical and
empirical workload techniques with our discusgion of the causes and effacts of workio:r.
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A second objactive was lo assess briafly past regearch efforis and indicate future diractiwns that will
strengthen the body of knowledge upon whicn more coherent and encompassing models of operator
wnrkload can be constructed. To this end, we have advocated a much greater eimphasis on multitask and
muitisituation investigations as waell as graatly expanded interest in individual differences.

A tinal objer:tive of this chapter was to emphasize that detanrining the extent of workioad is not an end
In itseif. It is, however, a nacessary step in determining the position of the operator within their own
paiformance envelopas which in conjunction with the nearness of the boundaries of those envelopas,
provides an indication of the operator's momentary relativa capachy to respond. It is this parameter, more
than ary other, that system designers require if they are to build adequate man-machine systems.

The imporntance o! undarstanding ths level of operator workload is clear: High worklioad may result in
unexpected and undesirable parformance changes. The opsrator may shed tasks, be unable to perform
them, or in some othe: way fail to perforst acceptably. (n one form or another, rightly or wrongiy, the
oparawr will adapt. Without such considaration, the incorporation of MANPRINT concemns into the dasign
of systems will continue to be problematicai.
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APPENDIX A. LITERATURE REVIEW OF SECONDARY TASKS

The appreach taken to review the vast secondary task literature was to identity any relationghips
that may exist betwaen secondary task characteristics and primary task characteristics. That is, we
classified the types of gecondary tasks and primary tasks that have been reported in the literature. We
thern examined the rasults of such studies based on the various sacondary and primary task
configurations. Our reasoning bahind this effort was to addrass & pragmatic question that othar
rasearchers have recognizad as being very irnportant but overfooked (Chiles & Aliuisl, 1979). That is, are
operaiors capatle of performing two ditferent tasks concurrantly? To illustrate, i either the primary or
secondary task gxhibits a decrement in pesformance when they are performed jointiy, this finding, at the
very least, suggasts that oparators find i difficult to perform such a dual task configuration. Even though
such findings may violate methodological assumptiotis ndeded to draw inferances about spare capacity, it
provides valuable information about the ability of operators to exhibit time-sharing abilky between two
tasks. (See Gopher and Donchin {1986] for an overview of the Kerature that specifically addrasses time-
sharing ability.) To our knowledge, there have been no published reports that have followed such a
schema for the secondary task literature. Ogden et al. (1979) have provided a basis for such an analysis,
but ihey did not actually complete the analysis.

We recognize that even though the resuits from this analysis may suggest that certain dual task
configurations result in primary task perfcrmance decremerts, it is misieading to suggest this will be the
case in every situation. Rather, it is our intention to alert human factors practitioners to consider (ne
implications of this analysis with respact to their particuiar situation. Thig is important as technological
advances have increased the complexity of systems such that operators are reutinely required to perform
more than one task at any time. The secondary task paradigm is a controlied analog of this situation.

Wa ware also interested in identifying any trends from this analysis that suggssted performance
changes that are sansitive to secondary task characleristics as a function of primary task characterigtics.

identification of Secondary Task Litersture

The primary reterence sources uged to identify relevant secondary task articles published prior to
1980 were Ogden at al. (1979) and Wierwllie and Williges (1980). For relavant articles published after
1979, we identified key people in this area through our OWL Information Systam database and sent
requests to such individuals for their most recent articles on operator wokload. We also searchad relevant
journals (e.g., Human Factors) and proceedings of conferences and meetings (e.g., NASA/University
Conferences on Manual Contral) for recent studies. Ag a result of this effort, we were able to obtain 147
studies for review. Of these, seven were excluded from our analysis because they lacked sutficient
information to interpret thelr results. Four studies were also excluded because they dealt with multiple
task batieries in which no attempt was made to examing dual task nerformance. We were laft with 136




articles aind {81 expariinents to he anaiyzed. This lierature base is a comprehensivoly represeitative
sarplie of tho secondary task iterature.

Classification Scheme for Primery anxi Secondary Tasks

Classification of secondary and primary thaks characteristics was attempted foliowing the major
classes reported in the literature (O'Donnell & Egyemeier, 1986; Ogden et al, 1979). However, due to
the variety of secondary and primmary tasks ihat have bean empioyed In studies, it was necessary to
expand previous classification schemes a&s wall as to identity particular tasks that have received axtensive
use (e.g., the Stemberg memory task). Listed below is the classification scheme we developed with
descriptions for each category. This list represents thie entira range of 26 tasks that we were able to
identity for sacondary and primary task characteristics based on our review.

« Choice Reaction Time Yask ~ the subject is presented with more than one stimuius
ang must generate a different response for each one. Visual or auditory stimuli may
be employed and the response mode ig usually manual. It is theorized that choice
reaction time imposes both cantral procassing and respsnse seiection demands.

« Simple Reaction Time Tagk — the subject is presented with one discrete stimulus
(either visual or auditory) and generates one response to this stimulus, minimizing
caentral processing and resporse selsction demands.

» Driving Task - the subject operates a driving simulator cr actizal motor vehicle. Such
a task involves complax psychomotor skills.

« Randomization Task - the subject must generate a random sequence of numbers,
for example. 1t is postulated that with increased workload levels subjects will generate
repetitive responses (i.e., lack randumness in responses).

- Tracking Task — the subject must foilow or track a visual stimulus (target) which is
eithar stationary or moving by means of positioning an error cursor on the stimulus
using a continuous manual response device. Central-processing and motor
demands vary depending on the order ot control dynamics for the device used by the
subject to control the emor cursor.

+ Monltoring Tesk - the subject is required to maintain attention to a visual display and
to detect the occurrence of a stimulus (signal) from among saveral alternatives
{neutral events). The task is not intermitient but continuous. Monitoring tasks are
generally assumad to impose a heavy ioad on perceptual processes.

= Time Estimation Tagk — the subject keeps track of tims eltler by generating a specific
time interval or by astimating the duration of a time interval at its conclusion. Typically,
guujects are required to generate 10 second time intervals (time production
procedurs) and it is assumed under high workload coaditions that subjects will
underestimate the passage «f time as reflected by their responses (i.e., longer time
estimates).

- Memoiy Task -- there are a variety of memory tasks which employ a number of
different tynes of materials and specific reguirements. For example, the subject is
required to recall in any order a list of words previously memorized {free recall
paradigm) or is raquir2d to recognize previously memorize words from a list of words
(recognition recall paradigm). These tasks are typically assumed to impose heavy
demands on central-processing resources.
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Mantal Mathematics Task - the subject must perform mental arithmetic operations
such as addition, subtraction, and multiplication. These tasks are generally
considered to place heavy demands on central-processing resources.

Michon Interval Production Task - the Michon paradigm of interval production
requires the subject to generate a sarias of regular time intervals by executing a motor
response (l.8., & single finger tap every 2 sec.). No sensory input is required. This
task is thought to impose hoavy demand on motor output/response resources. it has
been demonstratad with high demard primary tasks that subjects exhibit irregular or
variabis tapping rates.

Sternberg Memory Task ~ the Sternberg memury task is & commonly used memory
task. The subject is presented with a set of digits or letiers 1o memorize.
Subsequently, the subject is presented with a test dight or letter and must judge
whether this digit was contained In the previcus memorized set. [t is theorized that
the Sternberg memory task aids in workioad agssessment by distinguishing between
primary task central processing effects from primary task stimukis encoding/response
execution affects.

Lexical Decision Task — typically, the subject is briefly presenied with a sequence of
letters and must judge whether this letter sequence forms a word or a non-word. This
task Is thought to impose heavy demands on sermnantic memory processes.

Distraction Task ~ the subject parforms a task which s execuied in a fairly automatic
way such as counting aloud. Such a task is intended to distract the subject in order to
prevent the rehearsal of information that may be needed for the primary task.

Problsm Solving Tasik - the subjact engages in a task which requires verbal or spatial
reasoning. For exarnpla, the subject might attempt to solve anagram or logic
problems. This class of tasks is thought to impose heavy demands on central
processing resources.

identification/Shadowing Task - The subject identifies changing symbols (digits
and/or letters) that appear on a visuali display by writing or verbalizing, or repeating a
spoken passage as it occurs. Such tasks are thought 1o impose demands on
perceptual precesses (i.e., attention).

Detection Task - the sudject must detect a specific etimulus or event which may or
may hot be presented with alternative events. For example, to detect which of 4
lights is flickering. The subject is usually alerted by a waming signal (e.g., tone)
before the occurrsnce of such events, therefore attention is required intermittently.
Such tasks ara thought to impose demands on perceptual processes.

Classification Task — the subject must judge whether symbol pairs are kientical in
form. For exatnple, to match iefters either on a physical level (AA) or dn 4 name leve!
(Aa). Depending upon the requirements of the matching task, the task can impose
demands on perceptual processes (physical match) and/or cognitive processes
{(name match or category match).

Psychomotor Task — tha subject must parform a psychor.otor {ask such as sorting
iifierent types of maetal screws by size. Tagks of this nature are thought to refiect
psychomotor skills.

Spatial Transformation Task ~ .he subject must judge whether information (data)
provided by an instrument panel or radar scruen - matches information which is
spatially depicted by pictures or drawings of aircraft. This task involves perceptual and
cognitive processes.




*  Speed Maintanance Task — the subject must operate a control knob to maintain a
designated constant speed. This task Is a psychomotor typa task.

* Production/Handwriting Task -~ the subject is required to produce spontanecus
handwritton passages of proge. With primary tasks that impose a high workload,
subject's handwriting is thought to deteriorate {i.e., samantic and grammatical errors)
under such conditions.

» Card Sorting Task ~ the subject must son playing cards by number, color, and/or
suite. Depending upon the requirements of the card sorting rule, the task can
impose demands on perceptual and cognitive processes.

+ Three Phase Code Transformation Task ~ the subject oparates the 3P-Cotran which
is a workstation consisting of three indicator lights, a response board for subject
responses and a memory unit that the subject uses to save his/her responses. The
subject must engage in a 3 phase problem solving task by utilizing information
provided by the Indicator lights and recording sclutions onto the memary unit. it is a
synthetic work battery used to study work behavior and sustained attention.

*  Multi-Task Performance Battery (MTPB) — the subject operates a workstation
consisting of display paneis and response conirol panels for six ditferent tasks
{choice RT, monitoring, menta! math, identification, problem solving, and tracking).
The task battery is designed to involve perceptual, cognitive, stimulus encoding, and
response selection processes.

* Occlusion Task - the subject's view of a visual display is obstructed (usually by a
visor). These obstructions are eithar inftiaied by the subject or imposed by the
experimenter in order to determine the viewing time needed fo parform a task
adsquately.

« Simuiated Flight — the {light simulators used in the studies that were part of our
analysis were typically commercially available training siviulators (3.g., Singer-Link
GAT-1B). Depending on the purpose of the particular study, the subject was
required to perform various maneuvers {9.g., landing approaches) undor different
types of conditions such as instrumer flight rules or simulated crosswind conditions.

Measures Used with Primery and Secondary Tasks

The complexity of the results found with different secondary and primary task pairings can be
pariy atiributed to the ditferent and numerous performancs measures that have been usec with these
tasks. Also, studies which have used the same primary and secondary task pairings have either used
different measures of perfarmance or reporied ditferent results from the same task measures. in Table A-
1, we have listed several of the frequently reported measures that have been recorded with primary and
secondary tasks. These measures are organized according to the task classification just presented.




Table A-1. Measures witilized to quantify performance on primary and secondary tasks.

TASK

MEASURE

Chon Reaction Time Task

Simpie Reaciion 7 ime Task

Drtving Task

Randormiization Task

Tracking Tasiks

Monitoring Tasks

Momorty Tasis

Montal Mathematics Tashs

Michon interva! Tepping Task

Stemberg Memory Task

Laxical Decision Task

Mean }modian RT for correct responses
Mean {(madian) RT for incomrect responses
Number %; COIrect responses

Number (%) incorrect rezponses

Maan (median) RT for correct responses
Number (%) correct res.onses

Total time to compiete & trial

Number of acceleration rate changes
Number of ?w changes

Number of footbrake operations
Number of steering revercals

Numbar of obstacies hit )
High pass steering (standard) deviation
Yaw (standard) daviztion

Lateral (standard) deviation

% redundancy score (bits of information)

lmoamtod errors in volts (root mean square error)
Total time on targat

Total time of target

Number of timss of targst

Number of target hits

Numbet (%) of incorrect detections
Number (%) of errors of omission

Moan imcd:m RT for correct datections
Mean (median) RT for incorrect detections

Number ;%} of correct detections

Mean (median) RT for correct responses
Number (%) ot correct responses
Number (%) srrors »f omission

Number (%) of incorrect responses

Number (%] of correct rosponuﬁ
Mean (median) RT for correct responses
Number (%) of incorrect responses

Mean interval per trial

Standarg deviation of interval per trial

Sum of differences botween successive
intervals per minute of total time

Slopes and intercepts for RT data
{Ses memory tasks)

Mean RT fo: correct rosponses
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Tabie A-1. Measurer, utiized to quantily perfoimance on primary and sscondary tagks (Cont.).

TASK MEASURE
Problem Solving Taske Number (3:) of correct responses
k HMumber &. of lncormect responses
bhoain (Median) RT for correct responses
KlomifestionVShadowing Task Number of worda corrsct/minuie
Number of digks :;mkon
Mea:i tima interval betwesi spoken digits
Numbar of erors of omiesion
Detection Tasks Meoan RT v currect dewnctione
Numbey (%) of cormect Jutoctions
Cizapificeiion Tesia Mean imodlm HT for physicai niaich
t4ean (median) RT for match
Number (%) errors for maich
Nurnbar (%) emors for maich
Peychomotor Tosks Number of completed kams
Spatiesi Transformation Tasks wu%:!'f for c:)m reapONses
umbaer of correct responsss
Number &2 of incorredt responses
Qodiusion Tesks Msan woluntary ooclusion time
Percont looking tims/otal time
Spordansous Wiking Number of semantic and (rammetical errors
Card Sorting Tests Hunéar of carda sonted
Warinbsar (%) of incoirect rMeponser
IP-Cotran Yasik Heen Jnedian) RY for difevent phweses of

e VO T ,
Huesber of snars (reaats) for ditferent
Phosos of reapenias veguired

MIPER Mowrn {madian) RT tor conect detactions
Numba (%) of correct detectinons
Numbpr of propiems attempied

Savsiged Fhght Humber of vertical accelers:. zns
Moan oy from rsquired shiuds
Root maen sguane Hcalasr srrov
Root mezn squeirs ghde-siope emx
Humbe: of contio! movements
Phoh bigh-pase meas sGuam
Ro#i high-pase meer squann




Anniysis Soheme fior Primary and Secondery Taska

in order to analyze the resulls from the studies reviswed, we ostablished conveations to provide a
framework for tabulating such compiex tindings. Wa worked with the pramise that it was important to
repcit @y indication that dual task pairings resultad in & performance decrarient on one or both of the
taske fnrimary or racondary). Based on this premise, we formulated the toliowing criteria for priorities on
the resuiis raported in each study:

*  Maasures which revealed differences between dugi-task and singie-task pe/formance
were tabulsted and preferred over msults for measures which showed performance
stability for the same tagk.

*  Measures which revaalad decremen.s for duaktask versus single-task performance
were icbulated and prefeirad over results for measures which showed performancs
snhancement for the same task.

= Measures which revealed duai-task performance decramenms with exparimentsi
manipulations {i.e., differsnt sound lavels of noise, diffeient levels vt task demand lor
elther sacondary or primary tasks, sic.) were tabuiated and prefermed over resuiis jor
measures which snowed no effects for the same task.

Analysia of Secondary Task Lieraivs

A systematic approach was widertaken to characterize the wasith of sormation conained in the
sxperiments raviewsd. The approach involved several sicps.

We first characterized the studies reviewed according 1o the primmary and secornviary msks smploysd.
Table A-2 and Table A-3 contain tha results of this aficrt. As eeen in Table A-2, it is evident that the
majority of experiments have invoived a select number of sscondary tasks. Tha first four secondary tasks
listed in Table A-2 reprosent over 50% of the total secondary tasks that comprised our sample. Similary
with respect to primary tasks, the firs! three tasks istad in 7abin A-3 rpreasndt over S07% of the tolai privery
tasks in our sample. It is also evident In ereminky Talde A-3 that & smel porcaniegy of the shudisy
reviewed have smpioyed primary tasks whichi cen be charactenzad as reakstic. Theat -2, primary tezks
typically de not involve multiple sencory input and gawvers! typas of operator actior s and responses (Lw.,
driving and simulated flight). Such findinge refiect thy academic inerests of ressarchens who have ulilized
the secondary task paradigm.

We turther characternizod the aticier snconding o the particular primady-gsecondary ntniipucation
empioyed. This was accomplished in tw complomaentary ways. We axaminad sewoncary tas<s with
respact to tha various primary tasks hal have Dean uses I axgociation with each secondary tawk.
Similarty, we axamines primary taske with naspect 10 the varous gecondary tasks that have been used in
association with each prrnary task. We werg kiderested in identifylng sn) trands in vhe resulls across
similar dua! task paking experinarta that wouks sugpest particuiar cual taok palings e not advamaneous
tor the operator {i.e., periomurce adacmmenis for Both secondary and primary tasks). Aftachrent 1



Tabtie A-2. Number of experimarits 1o utilize secondary tagks.

Secondary Task Number of Experiments
Monttoring Tasks 44
Mamory Tasks 32
Cholce Reaction Time Tasks 25
Ments! Mathematics Vasks 18
Tray:iing Tasks 12
Simpis Reection Tive Tasks 11
Michon intervai Production Tagk 11
identitication Tasks 9
Froolem Sotving T esks 8
Twne Esimstion Taska 7
Detection Tagks 8
Sternbearg Mamory Tesk 5
Randomization Task $
Oochusion Tasks 4
Paychomotor Tesks 3
Card Suriing TRaks 2
Spontansous Handwling Tasik 1
Alrerah Novigation Tagk 1
Spatis! Teansiommation Tasks 1
MTP8 (monltoring tasks) 1
Digtraction Tasks 1
TOTAL <203

The iotal 203 represacis the Instances (had these secHnds:y tasks were
used In expecimenis.  Saveral studiss used more than one secondary
tazk (1 a single exprrant.  The 1ote! 203 is bated on 180 experiments.
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Tabky A-3. Number of experimants that utilized primary tasks with secondary tasks.

Primary Teek Number of Experliments

Tracking Tasks 48
Memory Tasks 28
Menitoring Tasks 23
Choice Reaction Time Tasks 18
Driving Tasks 17
Simutatad Fiight

Detection Tagi:s

Problem Solviry; Tasks
identification Tasks
Classification Tasks

Mental Mathernatics Tasks
Simple Feacticn Time Tasis
Psychomoter Tapping Tasks
Card Sorting Tatis

Spatial Trangtomnation Vask
Sternberg Memary Task
Diztraction Tasks

Lexical Dacision Task

3P Contran Task

MTPB

Psychormnotor Tusks

= A ah e A ok o ) W OB AN

TOTAL 181

The total 181 reprosens the sxpariments reported In the 147 articles
that we reviewed for i anaiysis.




contains the results from the analysis of individua! secondary tasks each paired with various primary tasks.
Attachiment 2 containg the results from the complementary analysis of individual primary tasks each paired
with various gsecondary tasks,

Discussion of Secondary Task Anatysis Resuits

Perustl of A4 reveals the complex nature of the rasults that have been reported with various
primary-secordary task pairings. With respect to practical considerations, the results depicted in Table A4
nytisct the naod on il.e part of human factors practitioners t6 examine the specific demands placed on
operaiors whenever there are eystem requirements to perforrn several tasks at once. This point is
Kustrated by examining the major classes of secondary tasks that are depicted in Table A,

Ingpection of monitaring secondary task Oxperimenis ravaal several interesting trends. With monitoring-
monionng dual task pairings, performance on the primary task seems to decline consistently across
experimens with one exception. A somewhat similar finding i shown in these sama experiments with
respect io the monitoring tasks devignated as secondary tasks. As these experiments did not place a
greater emphasis on either pri_rary or secondary moniioring tasks with res~22? to maintaining performance
ievels such findirgs are possibly duo to tha high tagk demands that two monitoring tasks combined
placed on parceptual processes. When one sxamines the tracking-monitoring dual task palring results, a
somewhat ditferent picture stmerges. The primary tracking task results uxhibit across experiments an
almost squai spiit between stable performance and degraded performance. However, the axperiments
that reported degraded periormance for the pritnary tracking tasx ali piacad eyual amphasis on both

primary and secondary ta:X performance. This may have contributed to subjects’ poor periormance on

the tracking iasks because subjects may have formad inappropriaie stratogies {or handling the dual task
pairing. While those axpenments tha reported primary tracking task pariormance as stable, a greater
emphatis was placed on tracking performance for three out of seven experiments istaed in this catsgory.
With respect to the monitoring secondary iask results in this dual task: configuration,psriormance appears
stable whan the monitoring task Is auditory in nature. But whan the monkoring task ig visual, six out of
seven experiments rarorted a performance dacrement on the moniioring porticn. Such findings seem {o
indicate that visual tracking-visiual monitoring dual task pairing can lead fo performance decrements, This
Is the case espocially on the visual monitoring portion probably because of the combined visual inad
placed on subjects by the two tasks.

For secondary memory task axperimants, the results seem 1o axhihlt a trend across experiments
that indicates prior sxperience with a task is an important factor for dual task parformance. With driving-
memery dual fask aituations, only the memory portion reveaiad a perlormance decremsnt. As these
expariments invoived axperienced drivers with greater emphasis placed on driving performance, these
facters probabily contiibuted for such driving stabiiity but at the expense of the mamory task. In contrast,
tracking-memory dual task situations resuted in both tasks exhibiting poor performance for most
experirmnts. These oxperiments typially iwolvad college students and their inability to perform this dual
task conﬁguraiion reflects lack of expariance, even though researchers try to proviio for tasi mastery.
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With respect to cholice reaction time sacondary task experiments, i is evident that the dual task
pairing consisting of tracking-cholce reaction time rasuits in poor performance on both tasks with one
exception. The complexity of this dual task situation (i.e., task demands on central processing, vesponse
salection and motor responses for gubjects) probably contributes 10 such poor overall performance.
Similar results are found with experiments that empioyed mental methematics seonndary tasks. As seen in
Table A-1, dual task palrings with mental mathematics as the secondary task rasults in poor performance
on both tasks for most experimants. As mental mathematics can be considered a relatively complex set of
cognitive operations, its pa'ring wtth alrnost any primary task configuration except simple tasks (e.g.,
tapping) or highly practiced tasks (e.g., driving) results in poor overall dual performance.

The atove dascriptions lllustrate the complex resuits found with all secondary task studiss. The
rasuks reflect the complex interactions between the saiignt factors that influence perfermance in dual task
situations.

Conciugions

The complexity of the results just describad may seem, at first, to be beyond simple conclusions
or implications. However, several imporiant issues can be derived concemning the use of secondary tasks
as an OWL technique and dual task performance in general.

With respect to secondary tasks as a workload estimation technique, the results described show
that secondary tasks can interiere with primary task perfformancs. As a resuit, inforences concerning spare
capacity witt: a primary task become difficuit to interpret. A solution 7o this problem is to employ tasks as
secondary tasks that are iriherently part of a multitask systam. Under these circumstances, a wealth of
information is gained even though the primary task may show performance changes. Because any
change in performance, whether on the designated secondary or primary task of a systemn, provides
veluable insight concer.ing the operator's capabilities and limits in using the system. It is for this reason
that the embedded secondary task technique is oHfiered in Chapter 6 as the technique of choice in system
design and developmant environments.

Another importani implication that is derived from our analysis is that seé:ondary tasks can result in
changes in primary task performance that seem to be reflective of subjects' inappropriate strategies with
respect 10 the dual task situation. Subjects' performance on the primary task seems to be degraded
because the introduction of the secondary task has changed the nature of the situation with respect to
primary task demands. If your interests are to quantify the spare capacity with regpect to a primary task,
then such changes are clearly troublesome. To prevent these possible circumstances, it is necessary to
use secondary task techniques that do not intrude on primary task performance. Several secondary task
techniques are offered Chapter 6 that minimize this potential confcunding. They have besn
demonstrated in some applied ssttings not to intrude on operators’ performance with complex systems
and to be sensitive to workioad leveis on such systems.




For dual task parformance, the secondary task literature provides, though In some cases
unintentionally, vakuable inrformation on the critical factors that hinder mutti-task performance. These
tactors are:

* inappropriate operator strategies with respect to meating the task demands of several
tasks at once,

* the potency of certain types of tasks (e.g., mental mathematics) to hinder the ability of
operators to parforrn any additional tasks that may be required, and

* the combined task demand effects of certain task configurations (e.g., monitoring-
monitoring) are such that they overioad the operator when performed togethar.

The human tactors practitioner needs to be aware of these factors in order to ensure that performance on
complex systems does not suffer frorn such factors.




APPENDIX A - ATTACHMENT 1

Sacundary Task Experments with Reapect 10 Secondary Task Charscteristics

Attachment 1 is shown on the foliowing pages and contains the results from the analysis of
individual primary tasks with respact to sacondary task pairings. The tabie Is organized in the following
manner:

«  The particular primary task examined is identified in the far left-hand column header of
each page. it is indicatied with the letter “P" precading the primary task characteristic,
{or exaimple P-montitor.

« The sscondary task pairings assoclated with the particular primary task are listed below
the primary task header in the far isti-hanci column.

+ The experimenis that employed these particular dual task pairings are listed by first
author and year for cited article reference. They appear in the table under the
appropriste column with respect to the resuits for the primary task as well as
secondary task. i an experimant only reports the results for eltt -~ the primary or
secondary task then the experiment Is listed only once under the appropriate column
for the resulis reported.

» Based on the conventions/rules described in Appendix B, experiments are listed
under the appropriate column headars as follows:

P- signifies primary task measures were stable in dua! task palrings
P Down signifias primary 1ask measure(s) exhibied a decremant in dual task pairings
P Up sigiitias primary task measune(s) eaidiiad ar increment in dual task pairings
§- signifies secondary task measures weare stable in dual task pairings
S Down signifies secondary task measure(s) exhibited a decrement in duai task
pairings
3 Up signifies secondary task measure(s) exhibited an increment in dual task pairings
» Each experiment is listed in the following sequential manner:
First author's last name only for the cited reference article.
For example, "Domic”
If one author then the author's last name is undariined.
For example, "Domic"
The year the cited reference article was published.
For example, Domk:80

It the cited reference article contained more than one experiment then the particular
experimert is indicated within parenthesis.

For example, DomicB80(1)




The primary task's mode for stimulus infermation:
Vavisual input
Auguditory input
T=cutaneous input
A+Vuboth auditory and visual simuitansously
A/V=both auditory and visual but not simultaneously
-- ot appropriate

For examele, DomicBG(1)v
The secondary task's mode for stimulus information:
Vavigual input
Awaugitory input
T=cutaneocus input
A+V=hboth auditory and visual simuttaneously
A/V=both auditory ang visual but not simultansousty
-=NOt appropriate

For example, Domicf0(1)va

The emphasis placed on maintaining parformance for either primary or secondary
tasks during dual tack pairings as specuically stated in the article or implied by payolf
matrices (e.g.. $10 for high scores on the primsary task).

P=primary task emphasized

S=geacondary task smphasized

Blanksboth secondary and primary are emphasized or the authsrs do not specifically

stata the performance emphasis placed on subjecis therefore assumed equal
emphasis for both primary and secondary tasks

For example, Domic80(1)vap

If the experiment contained data that altowed the determination that either the
secondary or primary task periormar:e changed (l.e., increment or dacrement) or was
stable in dual task pairings but was not gnecifically addressed by the authors, this is
indicated under the appropriate primary or secondary result column header as
interpolated.

For example, Domic30(1)vapintrp
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Figuoiattéva Malmstrom T4vy.Gabnei
Kyriakides77  Bava s8vv.Bubot
vvp Heimsira70 7T3vv.Kolly
v GTw, Hud-
Monty8Svy diaston7 ivvp
CHOICE RT Boggssévap Hilgendod Hiigenitat
87vap 4Tvap
Bogyetovep
MEMORY Tyler74va Mitsudgétaa Lindaay60an
Lindsuydfaa
Chow?8(2)va
MENTAL Domicao Dornlcso
MATH vivp vivp
Chllen78vv
MONITOR Lona?6(1.2) McGralhes Silager?? Lonaza(1.2)
va alv,aey vas va
El=ishmunes Chechila79
vv vea,v
HobmuthT0 Hotanuth70
{t)aviva (1.3)av/ve
Golasiein78
vy
Chechile78
vel v
Slager7ivas
PROBLENM Wright74 Wright74(1)
SOLVE (1)vvp vvp
Chiles78vv
DETECTION Dewar?8vv Tyler74va
Tyler74va
IDENTIFY Dornicd0 Comicdd
(tjvap (1)vap
@)vvp (2)wvp
Chiles76vv
FLIGHT Soliday85vv
SIMULATIO
N
DRIVING Browasevep  Brpwnfiivep Hoftmanes Rmoyn62vep  Bruwn®?
it » vap intrp vvp
Yirlnecrlls1 Lrwn38vap
va
Hoffmano6s
vap
Browns7vvp
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T P PDORM LR 8- $-DOYN $-up
PROBLEM
SOLVING
TEBNOLAS WM I W NSNS L ORASIR R, WU T
PROBLEW Chilag?d
FOLYING
DRIVING Ninthaunlo 1 Yoxtscage v
VA va
TRACKING TomesbTve Y w8 7va
Fignroiots vy Figau sadimy
CHOICE "7 Sahonang2
aw
WMEMORY Trumsboy Oww Teumbo?Ovv
MONIT K xS T D Smithesvy
SMithSdvy
S- P »-D0WK 2
NAVIGATE w & &-nowN $.up
FLIGHT Lowisss -
SIMULATIO vvp Lowiscd
N (tiswg e
study (tield
v) stucy)
% - (3 POOWN rP s S-DOWN s.-Up
DETLUSION
MONITOR Goulds7wp
DRIVING Famar?dvep TeniaTas Yy Senderss7Tvv
Hicke 784 Farber?2vvp
% F P-DOWN PupP s 8-DOWN s-UP
RANDOM!-
ZATION .
TRACKING Zoilin7s Truljens?Sva 2eitinTs Truijens7éva
MEMORY Trumba 70y -
CARD Bagiwieyet Baddeleyss
SORTING v v-
DRIVING

WEnerayss

L)
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". o PO AP o L B.Up
THAT X 000l -
LS RN TSN i i VB P ot A A S LR ] M A
TRACKING BABDMNAREN KosmFaww Towwgheow Wiatano 1 vy
Tewp WRenOS0wy YTaoaphssn nﬁvp
PRadwnd v vy
CHOCE WY L Yo PefasmeTe
kisabac ™ o
) HomaadBuve
KEMORY wietonth Aninasen 0
W v
MONTTOR Gristhithe T Grikiking 71
av 1Y
PROGLEMN Wirkroth Wetgti 74
SOLVING (2)vvp (2)vvp
BIPLE RT Schaeiitmesy Sohmidrgday
DETECTION Wiihonsd d vw Wishaneh ivy
CLASEIFY Wishens vy WRRVReE Swv
S-BIMPLE P PLCWT PSS ® S.Q0WH g -uUP
RT — p— KL W
, Sginsiralt
TRACKING WiikanaT /vy WikeonTTv L
Kieppéa
WP
Nedmra 70
vy
Kady8Bvx
CHOICT RT  gockerTevip Eashpstivep
mguony Mardin7d
{1 A)eve
DEIECTION Lyweall? LauereRTH
we o v inep
CLASSIFY Lwomriosh) Mite: ™8 Miar?73
vap ¥ MIVE U T
LARSinGsrd
Ll
BRIVING LLaurall?8ve LanraiiBve
Nty m
v T v
LEXICAL BachaLrewg Bt dvmn
DELISION
$-PHYCHO- Pe PO b2V ad s SO0WN [ 1
MOVOR )
TRAGKING \WiskEn6 TS JTs——
Salpnignes
Schusand2
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1 3 (8 woow (1 »- S-POWN s-up
S TRNIBERO
TRACUNG Wantwneds Drippal? Wikonuds
e (d)jve vep
Keiggu72
{1.2)va
CHOICE T Hare
vie.via
DRIVING WRthacrio 5
va
8-TIME . MDOWR P o S-DOWN [ 1)
RE AT,
MEHITOR Lin®Tv- Lg7Yv-
FLABMT Bonoiessin Y Bovtelusels?
SIMULATIO vep v-p
] Duriolussids Badtolussiss
LA Yo
Wierwilie8% Wiarwilio8s
{1.2,3.¢) {(1.2,3.4)
S-SPONT. R PDCWN PP $- S-DOWN s.UP
WRITING
CHOKG RY Schoutent2
avp
&-RPATIAL P. P-DOWN PP s $-DOWN s-u?
TRANEFOR
MATIONM
YRACKING Vidulich$
. v.viap
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APPECDIX A, ATTACHMENT 2

Becwidery Taek Cxperim s with Fesapect ki Priiny Tagk ~harkctatatics

Attachmont 2 is shown on the following pages ans cotiains the resuits frem the analysis of
individual primary tasks with nespect to socondary tash pairings. The table is organized n the following
manaer:

« The particular primary task examinad is idensified in the far left-hand cciumn heacier of
esach nage. ILis indicuted with the ettar "P* pyeceding the priinary task charactaristic,
fur exumpie P-monitor,

+  The seuvondaly task pairings asgoclated with the particular prirnary task are listed below
the primary sk hesder in 123 far lait-hund column,

«  The experimants that eamployed tnosy particuler duat (ask pairings are iisted by first
author and ysar for cited article refarerce. hey appear it the table uider the
appropriate column with regpect to the rasults for the primary task as well a8
secnndary task. if an axperimeint only reports the results for aither the primary or
secondary task :hen the experimant is listed “inly once under the approg.ate column
for the resulte reported.

Basad on the convantions/rulgs dsscribed in Appgralix B, axperiments are liated
under tha appropriste colum headars as follows:

P- signifies primary task measures wane statde in dual tuek pairings
P Cown signiies nrrmary task meacure(s) axhibited a decmmsant in dual tagk pairings
P Up signitiac prirary task measune(s) exhibited an increment it dual task palings
S- gxpiias 3econcary task measures wene mable in dual task pairings
S Down signifies secorrdary task measure() exhibked 4 Jecrement in dual task
pairngs
S Up rigniiies seLondaiy tagk ineasureis) exhibitad an increme:t in cual task pairings
Each exparimeant Is listed in the following sequential manner:
Fyet guihors last name only tor tha cited reference article.
For exampia, “Dotnic”
it onie author thar: the auther's last name Is undarined.
For exampie, "amic”
ihy year tha cited refarence article wus published.
or axarmpic, Domickl

i the cited refarance articie comained more than one axperimeant then tha panicaiar
expenim.int is indicated witivn parerthesis.

For exainple, OcmicB0(1)




The primary lask's moade fo7 stirnukes sdormailion:
Vavisual inpt
Asauditory input
Tecutaneous nput
A+Veboth auditory arvd vigsal simultanenusly
AVuboth auaitory and visual but not simulaneously
- hol appropriate

For examgde, DomicB0{ 1)
The secondary task's mode for stimulug information:
Vevisua! input
Asguditory input
Tacutaneous input
A+V=boih auditory and visua! simultuneously
AVshoth auditory and visual but not simuttaneously
-=not appropiiate

For example, DoraicB80(i)va

The enwhesis placed on maintaining performance for either primary or secondary
tasks during dual task pairings as spectifically stated in the article or implied by payoff
matrices (e.g., $10 for high scor:s on the primary task).

Paprimary task emphasized
S=gecondary task emphagized

Sankwboth secondary and primary are emphasized or the authors do not specifically
siate the periermance emphasis placed on subjects therefore assumed equal
emphasis for beth primary and secondary tasks

For example, Domic80(1)vap

It the expariment ¢contained data that allowed the determination that either the
zacondary o1 primary task performance changed (1.9., increment or decrerent) or was
stable in Jual task pairings but was not specifically addressed by the authors, this is
indicatad urrier the appropriate primary or secondary result column header as
intempolasd.

For exampls, DomicB0(1)vapintp
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P-CHOICE p- P-DGWN PP $- 8-DOWN s-Up
nT
PEYCHO- Schoukné2
MOTOR v
STERNSERG Hartds
via.via
SPUNT. Schoutent2
WRITING avp
TRACKING Laapat7ovy Yibtaker79
Wihitehet 79 avp
avp Hansend2avs
CHOICE RT Begkgr76va Schvaneveldt Backer76va
Elis7dva 89(1.2)vy EHs7ava
Schvaneveldt
69(1.2)vv
MEMORY Sroacbentes Broadbenits
|' "
Keele73vv
MENTAL Eighet7Svap Eisharvep
MATH Keolg87va Kegle87va
Chilas?0vy Schoutent2
av?p
MICHON Michane4(1) Mighones(1)
v7e v~
Michon6evv
MONITOR Boggseévap  Hilgendor(e? Hilgengorts?
vap vap
BoggstBvap
FROBLEM Schouwens2
SOLVING avp
SIMPLE RT Becker7s Becker76
vap Xan
P- p- P-DOWN P-UP $- S-DOWN $-UP
3PCOTRAN
MTPEB Alluisi7 Alluisi71
(Dual
combinations)
P- P. P-DOWN PP S 5-DOWN 3-UP
CARDSORT
RANDOMIZE  Eaddeiey66 Boddeley66

V-
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P- P- P-DOWN U L-.DOWN $-UP
CLASSIFY
TRACKING Wickensd \vv Wickens vy
MEMORY Wickanss 1ve Wicksns8ivs
SIMPLE RT LComalotk7d Mitter758 Comatock?3
vap v, alvp vap
Miller75
v.a/vp
DETRCTION Williamsé2 Yitlamas2
vvp vvp
CLASSIFY Wickens8ivv Wickens8ivy
P P. P-DOWN p-upP $-DOWN S-UF
DETECTION
TRACKING Wickens8tvv Wickens81ivy
MEMORY Wickens8 iva Wickenssiva
MENTAL Jaschinskia2 Jeschinzkis2
MATH va va
MICHON Michone4s(2) Michond4(2)
V- Ve
(multiple (multiple
task task
comperisons) comparisons)
MONITOR Tylor7dva Tyler74va
Dewar7évy
SIMPLE RT Laurell78va Laursli7éva
Extran Exirap
DETECTION Wickens8ivy Wickeng81vv
IDENTIFY Prce?Svvp Prige75vvp
P- P- P-DOWN P-UP 8-DOWN 8.UP
DISTRACT
MEMORY Broadbeni62
va
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P-DRIVING »- P-DOWN L&Y 4 3. $-DOWN a.UP
IDENTIFY Hicks79vvp Wierwilie7?
Wierwilin78 vvp
vvp Wiarwille?3
vyp
STERNSERO Waiheralis 1
ve
JCCLUSION FarbasT2vvp Seontders8Tvy FarberT2vvp
Hicka73p Sondorssvv
CHOKCE BT Alen78vv ANGnT8vv Brownsdva
Browndve
MEMORY Ruawntévap Brownesvap Braxntevap
Raxnsévap Rrawnssvap
Acowné2vap Rrgwné2vap
inirp intrp
Beound ivap Browns’ ap
Waikerase Wethgrgils
va va
MENTAL Yatheralis 1 Yintheralls
MATH v va
Browndivap Brown{ tvap
MICHON Bawnd?v-p Brenns7v-p»
MONITOR Amua87vvy  Eiperssosp Hetimanes Brownozvap
ﬁmncsz vep inrp Broxns7vvp
nirp BrownsSvap
Xiatheraile
va
Hoffmance
vap
PRORLEM Watherxlis1 31
SOLVIRG ve &ﬂhmn
SIMPLE RT Laureli78va Laureil76va
Extrap Extrap
Lispe:73va
RANDOMIZE YWstheraliet
v -
P-LEXICAL p- P-DOWN P-UP L- 8-DOWN 2.Up
LECISION
SEERETTOV
CHOICE RT Becker76va p?
p?
SIMPLE RT Beckar7éva Becker76va




P.PFLIGHT ». P-DOWM r-up 8- $-DOWN $-UP
BIMULAT,
CHOICE AT Borisluo 8?7 Bortolussi?
vvp 17
Sorioliusside Konoluseiss
vy vy
MICHON Wierwillets Wisrwilla8% Wisswilie8
{2.3.4)v- {3,4)v- (2)v-
MONITOR Solidayssvv
TIME Bortoluasid? Dortolussib?
ESTIMATE v-p v-p
Bonwluosios Boriolunsiss
Ve ¥-
Wiorwille85( Wirrwilin8s
t.2)v- (t.2)v-
(3.4) {3.4)
NAVIGATE Lewis8Bvyp Lawig88vvp
(tinid study) (fleld stucty)
P-IDENTIFY P- P-DOWN p-up 8 8-DOWN s$.Up
MEMORY Kialn?éva Allport72
&B.v/ap
MONITORIN Daornicso Datnicso
Q {‘)vep (3 )vap
(2)wvp (2)vvp
ChilesTovv
IDENTIFY Allpori72 Allpori?2
avp avwp
PSYCHO- Klein76vv
MOTOR
P-SIMPLE P- P-DOWN P-up $- S-DOWN 8.UP
RT
TRACKING 3chmi f184av Schmidid4av
MENTAL Chiies70vv
MATH
MICHON Yioon73avp Yroontdavp




P-MEMORY P- P-DOWN PP B8-DUWN c.up
TRACKING Johnaton70 Johrawon?Q
av av
CHOICE RT Logan70 LoganY0
(1.2,3)avp (1,2.,3)avp
MENMORY Broadbonifl Shulman?1
va (1)av
Chow?s
(1.4)vy
{J)va
MENTAL Sliverstain?t
MATH vy
Roediger7%
[3)vy
MICHON Roediger78 Roadiger?s
(1.2)vv (1.2)vv
MONITOR Tylar74va Mitsucdadcaa Lindayt9aa
Lindsavt9ea
Chow?75(2)va
PROBLEM Trumbo70vv Trumbeo?0vv
SOLVING
SIMPLE KT bartin74
(1.2)avp
RARDOMIZE TremisTov-
DETECTION Hofiman8d Shuiman71
vvp (2)av
Shulman?
av
Hoftmans2
vvp
JIDENTIFY Misggsoaa
CARD Murdock8S Muvdocke3
SORTING (1)av (2)avp
Murdockss MurdockssS
(2)avs {1)av
DISTRACT Glanzerts
[ ILAY
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P AONIYOR [ P-DOWN P-uP 8- 8-DLWN 8-UP
TRACKING Griftithe?1 Griffiths? 1
(1% av
CHOICE RT Smithed Kipl? ivap
{(v.2)av Smithee
(1.2)av
WEMORY -Mogkowilz74¢  Cheohiin?9 Chechile?79
as veR.Y veav
Moshowitz74
sACHirap
:!NTAL Kahnemant? Kehnemans?
ATH vap vap
Chlles70vv Chiloa?0vv
MICHON Shinglacecker Shingledecker
83v- Qv
MON. TON Elglabmanes MeGrathes Steger71vas Lana76(1.2)
vy av.aev va
Hohmuih70 Hatmuia 70
(t)aviva (V.3)aviva
Lang7s(1.2) Chechile79
va veav
Stage:7ivas
Chechile78
veR,v
Goldstain78
vv
Smithgdvv
PROBLEM Gouldé7vvp
SOLVE SmithGtvy
DETECTION Tichnor7avv
IDENTIFY Savage’?8
vvp
OCCLUSION  Goulds?wp
TIME Livé7y- Liu87v-
ESTIMATE
P.-FBYCHO- P- P-DOWN P-UP L3 8-DOWN g. Uy
MOTOR
MICHON Michons4(2) Michone4(2)
v-{uses v-(uses
mu#uphl wsk muttiple task
COMPRITONS) compeiizons)
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»- P- P-DOWN s- 3-00WHN s-uyp
TRACKING
Hesa/dyv
TRACKING  MUCDADGAS  wickenasOvv Tzangsévvp
T2vvp Wickensd vy Wickansdivww  72vvp
CHOICE RT Trumbo72 Gonhers 7w Damaafixvo
(1.2)va IsraeiBOvap
SonsonssSvvp
Wempabhva Girourrdsd
israsi8Gvep (t.2)va
Glouardd4 Kisppdéva
(1.2)va P
Klapps4
YRED =
MEMCRY Finkeimans4 TrumtoT1 Trumbo71 Zoliin78va
va (1.2)vv (1. 2)wv Flinkidman54
Zeltlin75va Noble67va Noblet7vs va
Helmsatra70 Hotnetra70
v va
Wickenssova Teangs4
Huddieston? { v . vi&p
vvp Wickens8Ova
Wickens8iva HuddlealonTy
vvp
Wickensd 1ve
MENTAL Huddiesten7 i Melaod7ava BahrickS4ve Moo’ 3va Chilea7d
MATH wp Wickenes 1 Heimstra?0 Wickens61
BahrickS4va va Huddiesion71
Chiles?0 vip
Heims¥ra70
va
MICHOM Shingle- Shingie-
decker8av- drokarddv-
MONITOR Schari7avy Recgaron Figaroladtva Bohatl73vy Hoimistra?0
BealizAvap 88vv Kramer84d Bali7evap vv
Kyriokices HeonanésSaa v.via HermantSaa
77vvp Putz74vv Maimstrom Bargeronss
Gabriel6dvy Krameo/84 8ava vv
Huddiesion? 1 v.via Kyriokides
vvp Heimstira T7evp
Koliy8é7vv 70vv Putz74évv
Figaroiat6va Malinstirom GebrieidBvv
83va Hudkdlesion
MontyGSvy TYivrp
Kelly$7vv
Monty8Svy
PROBLEM Trumbo67va Trumbo8lva
SOLVING Figarciagtvv Figarolagévv
SIMPLE RT HeimsiraY0 Wickens77vv HelmatraZ0
vv v¢
Kelly8Sva
Wickens 77vv
Klapp34va
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»- »- P-DOWN p-ue 8- &-DOWN G
TRACKING
STYANRERQ Wickenads BriggaTa(2) Brigas72
vEp va {(1.2)vs
Wiokenoss
vap
SPATIAL Vidulich8s
TRANSFOR. v.viup
CLASSIFY Wickensdivy Wickensd vy
RAMDOMITE ZoNlinTs Tﬂl»‘ﬂ"‘ Zeittin78 TFN”"O?G
va(oues) va(cuns)
DETECTION Wickenss tvv Wictions8\ vv
IDENTIFY Gabay?7vv Gabay77vv
PSYCHO- Bameronss Ragewonss
MOTOR Wickens?76
- B P P-DOWN PUP 8- $-DOWN 8-Up
PROBLEM
SOLVE
Wrighiza(e, WheRT
TRACKING vvp vp
CHOICE RT Elaher7Sevp Fiahwe?S5avp
Extrap Extrro
MEMORY DavieiSva StagerT2vy
MICHON Mdichon64(2) Michens4(?)
V- [
{multiple (mulliple
task task
comparieons) COMPLAsOnS)
Wright74(1) Wright7&(1)
MONITOR wvp wp
Chilee79vv
PROBLEM Chiles”9
SOLVING
P-SPATIAL P P-DOWN P-UF S- S-DOWN $.UP
TRANFORM
IDENTIFY Foumier?é Foumler78
vop vap
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»-MENTAL P P-DOWN P.UP s s-Down 8-UP

MATH
MEMORY Mandier7d flandiersy
avp . avp
MONI!TOR Rerlcso Roinicso
vivp vivp
Chlies?Cvy
MICHON Michoné4(2) Michions4\2)
V- Ve
{multiple {muitipls
task tank
compariaons) COMPIVONS)
P-8TERN- P P-DOWN PP | 3-00WN s.UP
BERQ
MICHON Shingledacker Bhingisapchar
wiv- 83v-
P-TAPPING p- B-DOWN P-UP 8- 8-DOWN s-Up
MENTAL Kantowitz78 Keriowi276
MATH (1.2)vap (. 2)vep
Kanipwinz74
vvp
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